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Voorwoord 
Voor u ligt het resultaat van nagenoeg vijf jaar experimenteel natuurkundig onderzoek op 
de afdeling Molecuul- en Laserfysica van de Katholieke Universiteit in Nijmegen. Mijn 
naam staat op de kaft, maar het moet nog maar eens gezegd: dit soort onderzoek doe 
je niet alleen. Dit boekje is de verdienste van een heel 'team' van enthousiaste en zeer 
kundige mensen, en zo heb ik de afgelopen jaren ook ervaren: opgenomen als speler in 
een excellent team. En voor een goed team zijn niet alleen individuele kwaliteiten van de 
spelers vereist, maar ook een goede teamgeest, en een brede ondersteuning vanuit de 'club'. 
Ik wil daarom hier de namen noemen van mijn medespelers die niet op de kaft staan, maar 
die evengoed een belangrijke of zelfs onmisbare rol hebben gespeeld bij de totstandkoming 
van dit proefschrift. 
Om te beginnen: de enthousiaste initiator, onstuitbare organisator en onuitputtelijke 
inspirator, kortom de onbetwiste aanvoerder Gerard Meijer, die ik wil bedanken voor het in 
mij gestelde vertrouwen toen hij mij opnam in het team dat zich gestort heeft op voetballen 
terwijl ik toch een volleyballer ben, en vooral ook voor het geduld dat hij op heeft moeten 
brengen bij de uitvoering van de door hem uitgezette spelpatronen. Gert von Helden 
levert met zijn expertise niet alleen een belangrijke aanvulling op de gebieden waar andere 
teamgenoten verdwalen, zijn kritische blik is vaak ook nuttig daar waar zij wel de weg 
denken te kennen. Ik wil hem bedanken voor de berekeningen en voor het zeer kritisch 
lezen van het manuscript. Cor Sikkens is, net als zijn constructies, zwaar belastbaar 
gebleken. Ik wil hem bedanken voor de constructieve manier waarop hij zijn schouders 
heeft gezet onder de organisatie van de opbouw van de spectrometer, en voor zijn talrijke 
inventieve technische oplossingen in en buiten het lab. 
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terd. Ik kan me geen betere opvolger voorstellen: hij heeft zich de opstelling nu definitief 
eigen gemaakt door hem eerst maar eens helemaal af te breken. Adrian Marijnissen en 
later Giel Berden hebben niet alleen de PDA op de voor mij juiste kleur aan de praat 
gekregen, maar ook op het voor mij juiste tijdstip, hetgeen een behoorlijke bijstelling van 
hun definitie van een werkdag vergde. 
Dan zijn er de studenten die tijdens hun afstudeerwerk voor mij geploeterd hebben 
en die veel bijgedragen hebben aan de opstelling en het onderzoek. Paul Hinnen (Paulhi: 
de kabelgoten hangen nog), de .Amííne-expert, die de primeur van de ΜΑΤΙ-techniek in 
Nijmegen had, Rienk Jongma, de СО-expert, die PC en laser met elkaar leerde praten en 
die later als collega extreem lage-drukgebiedjes creëerde in het lab zonder dat ik daar last 
van had, Hans Naus, de absolute A^-Zaser-expert, die op onnavolgbare wijze een link wist 
te leggen tussen de CRD-techniek en Brand bier, hetgeen hem een promotieplaats aan de 
VU opleverde, Tim Groot, die wel auiocad-expert moest worden om het VUV-celletjc aan 
al onze eisen te laten voldoen, en Eric Vrijenhoek die plaatselijk hoge-temperatuurgebiedjes 
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produceerde, hetgeen regelmatig tot een ' OH-Erlebnis' leidde. 
Ik wil William Boerstal bedanken die in eerste instantie met Jos Mijnen ("jij de muis, 
ik het toetsenbord" ) jecomas het groen-paarse uiterlijk gaf en het later met dik 4000 regels 
in do 'final state' bracht terwijl hij tussendoor moeiteloos een telefoon kon uitlijnen. En 
Leo Meerts, de c-expert, die als het voor ons te ingewikkeld werd, hele dagen bezig was 
om het programma aan de praat te krijgen. Dave Parker, de ZX4.öCO-expert, heeft ons 
bij de interpretatie van de DABCO-metingen de weg gewezen in de wereld van Rydberg-
toestanden, en zijn inbreng heeft het artikel beslist een meerwaarde gegeven. I want to 
thank Uzi Even for putting us on the trail of the high Rydberg states of DABCO and 
for teaching us how to design a proper extraction field. Verder Richard Engeln, die mij 
in contact bracht met de ETP-groep in Eindhoven, mijn nieuwe werkstek, en de basis- en 
wisselspelers Mike Putter, Tony van der Veldt en Bart Nelissen. 
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zelfservice-werkplaats, waar ik altijd terecht kon als de nood aan de man was (vaak dus), 
on dankzij wie Arjen, Niels en ik jaarlijks stoom kunnen afblazen terwijl trotse verhalen 
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Ook onze eigen technische staf heeft keer op keer aangetoond over een groot probleemop-
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1 
General Introduction 
This thesis presents a newly built 'laser desorption jet cooling mass spectrometer', and 
reports on the experiments performed with this apparatus. The spectrometer is designed for 
two main purposes: the mass-spectrometric analysis of samples of unknown composition, 
and the spectroscopic investigation of involatile molecules. The spectrometer combines a 
pulsed laser-desorption molecular beam source for the production of a beam of internally 
cold sample molecules, with a linear time-of-flight (TOF) mass spectrometer. Various 
laser-spectroscopic techniques, among which are well-established photo-ionisation methods 
as well as the rather new and exciting 'mass analysed threshold ionisation (ΜΑΤΙ)' and 
'cavity ring down (CRD)' techniques, have been applied in this apparatus. 
In this introductory chapter, the concepts on which the spectrometer is based as well 
as some general experimental methods that arc used throughout the thesis are briefly 
described, and an outline of the rest of the thesis is given. 
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1.1 Molecular beam spectroscopy 
In the spectrometer in our laboratory a pulsed laser-dcsorption molecular beam source is 
used to generate a beam of internally cold involatile molecules. In this source conventional 
molecular beam techniques for the production of extremely cold gas-phase molecules are 
combined with laser-desorption techniques to evaporate sample molecules that are other-
wise hard to bring into the gas-phase. 
The spectroscopy of large molecules is difficult due to the high density of states and 
the resulting complexity of room temperature spectra. The availability of supersonically 
expanding molecular beams has rejuvenated the field of molecular spectroscopy, and their 
use is nowadays firmly established in this research area [1]. A supersonic molecular beam 
is created by seeding sample molecules in a carrier gas and by expanding the gas through a 
small orifice into a vacuum. In the supersonic expansion, thermal energy is converted into 
translational energy, and the internal (vibrational and rotational) energy of the sample 
molecules is strongly reduced [2]. The advantages of this procedure are manifold. It allows 
to probe the sample molecules in the gas-phase, free from interactions with other molecules, 
where their properties are studied best. 
The movement of the sample molecules is directed by the expansion, and a skimmer 
can be used to select a well-defined part of the beam. Probing the molecules in a direction 
perpendicular to the beam, will then reduce the Doppler-width of the spectral lines. Due to 
the adiabatic cooling in the expansion, the molecules are in addition left in a limited number 
of quantum states, which leads to less congested spectra. A further important consequence 
of the adiabatic cooling is that the low internal temperatures permit the stabilization 
of molecular clusters with low binding energy, e.g. van der Waals and hydrogen bonded 
complexes. 
Since the introduction of molecular beam cooling spectroscopy, numerous molecules 
have been thoroughly studied using this technique. However, in order to seed the sample 
molecules in a carrier gas, they need to be volatile, and the applicability of the technique has 
therefore long been restricted to molecules with a sufficiently high vapour pressure. Seeding 
sample molecules at elevated temperatures may extend the applicability, but pyrolysis often 
occurs and for molecules that have a low vapour pressure and/or are thermally unstable, 
a different approach is needed to mix them with the carrier gas. 
1.2 Laser desorption 
Pulsed laser-desorption is used to bring involatile molecules into the gas-phase [3, 4]. The 
method relies on the instantaneous heating of a sample substrate by a laser pulse, causing 
the sample molecules to desorb from this substrate. The extremely high heating rate 
(10 (10jt2) K/s) ensures that desorption of the molecules occurs before decomposition. The 
first laser-desorption experiments date back as far as the mid 1960s and were performed 
to eject atoms and molecules into the gas-phase for subsequent interrogation by mass 
spectrometry. In 1978, Posthumus et al. demonstrated that pulsed laser-induced thermal 
desorption can be used to transfer thermally labile molecules into the gas-phase, when 
moderate laser fluences (< 108 W/cin2) are employed [5]. 
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Laser-desorption has nowadays proven to be a powerful technique to bring low vapour 
pressure and/or thermally unstable molecules in the gas phase, and is widely used in 
set-ups for mass-spectrometric sample characterization. Depending on the application 
and the mass of the sample molecules, various forms of the technique exist that differ in 
the preparation of the sample, in the applied desorption laser, in the energy deposition 
mechanism, and in the actual desorption mechanism. The lasers used to deposit energy in 
the sample substrate vary widely in terms of pulse length (fs-pulses to c.w.), wavelength 
(10.6 μιη to 158 nm), and fluence (50 kW/cm2 to 100 MW/cm2). Desorption of molecules 
with a mass up to 2 • 103 Da successfully occurs from a neat film adsorbed on a light-
absorbing substrate, where a monolayer or less is desorbed by the heat generated at the 
surface. A number of possible mechanisms have been proposed for this process, that all 
have in common that they are thermal in nature [6]. For molecules with higher masses, the 
sample molecules can be solvated in a matrix specifically chosen to absorb the desorption 
laser pulse. This leads to 'laser ejection' of many monolayers at the same time, which 
is primarily a non-thermal process. Since the introduction of this 'matrix-assisted laser-
desorption (MALD)' technique by Hillenkamp and coworkers [7, 8], a number of solid-phase 
matrix systems have been employed, enabling the ejection of ever larger molecules into the 
gas-phase, and nowadays the intact desorption of for example DNA molecules as large as 
6 · 10ö Da is demonstrated by various groups. 
The majority of the investigations on laser-desorption to date have used mass-spectro-
metric techniques to detect the laser-desorbed species, that need to be ionised for that 
case. Ions can be formed directly in the laser-desorption step by either attaching a charged 
species, such as H+ or Na1", or by photo-ionisation by the same laser that induces the 
desorption. Another option is to post-ionise the laser-desorbed neutrals using a sepa-
rate ionisation method. Laser-desorption post-ionisation methods, as have been applied 
for instance in the group of Zare [9, 10], have the important advantage of one addition-
al experimental degree of freedom. This allows for instance to study several aspects of 
the desorption process while eliminating influences of the ionisation process. Such laser-
desorption post-ionisation experiments showed that for laser fluences below 108 W/cm2, 
the vast majority of desorbed molecules are neutral [11, 12, 13, 14, 15]. Above this value, 
however, plasma formation occurs with an ion yield approaching 100 %. 
Laser-desorption can also be used to inject neutral involatile sample molecules into a 
pulsed jet expansion. This is achieved by desorbing them from a sample substrate that is 
positioned near the orifice of a pulsed valve. The laser-desorbed molecules are entrained 
in the carrier gas pulse and are internally cooled by multiple collisions with the carrier gas 
atoms in the expansion region of the molecular beam. The desorbed species can be detected 
downstream in the collision-free region of the beam, for instance by post-ionisation. The 
combination of laser-desorption with molecular beam techniques has proven to be fruitful, 
producing a versatile apparatus that can be used both for mass-spectrometric sample 
analysis and for optical spectroscopic studies of organic molecules that are otherwise hard 
to bring into the gas-phase [16, 17, 18, 19, 20]. 
The cooling process can be as efficient as in conventional molecular beam seeding ex-
periments provided the desorption takes place very close to the nozzle (within a few noz-
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zio diameters) and rotational temperatures down to 5 К have been obtained using this 
la-ser-desorption jet-coolmg approach [19] In addition, it has been demonstrated that the 
detection sensitivity of such a laser desorption jet cooling molecular beam spectrometer 
is such that femto-grams of material are sufficient for a mass-spectrometnc analysis, and 
that mass-resolved wavelength spectra can already be recorded using pico-grams of mate­
rial [19] The Іаьег-desorption jet-cooling method thus enables the application of powerful 
high resolution gas-phase spectroscopic techniques to a large class of important molecules 
that were formerly inaccessible by these techniques Examples range from small organ­
ic salts to massive biomolecules and include for instance the recently discovered class of 
fullerene molecules 
In our laboratory a pulsed laser-desorption molecular beam source has been built to 
generate a beam of internally cold involatile molecules This source will be described and 
charactenzed by studying its behaviour as a function of several experimental parameters 
Ihis thesis will, however, not elaborate on the bare desorption process The desorption 
method applied in the laser desorption jet cooling mass spectrometer is very much the 
same for all experiments presented in this thesis Only the preparation of the sample is 
adapted to the molecules to be desorbed In cases where the sample consists of molecules 
with a vapour pressure below 10~r mbar, like in the case of fullerene containing samples, 
the molecules are deposited directly on the surface of a sample substrate (most often 
manufactured from stainless steel) For molecules with vapour pressures between 10 - 7 and 
IO - 3 mbar a matrix has to be used to avoid that the molecules are pumped away too fast 
by the vacuum system In the case of diphenylamine (DPA), with a vapour pressure of 
4 10~4 mbar at room temperature, a small piece of charcoal (active carbon) is used as a 
matrix This charcoal can contain a large buffer quantity of DPA that is slowly released 
from the bulk to the surface of the matrix DPA is desorbed from the top lavers of the 
charcoal by the desoiption laser pulse, and is replenished by migration from the bulk in 
between laser pulses In this way a long-lasting stable source of DPA is obtained The 
latter method can be referred to as 'matrix assisted laser desorption' and resembles indeed 
the MALD technique as described by Hillenkamp and coworkers [7, 8] In both cases, for 
instance, the energy of the desorption laser is deposited in the matrix In laser-desorption 
from charcoal, however, the matrix material is not used up, ι e it is not ejected into the 
gas-phase 
1.3 Time of flight mass spectrometry 
Several methods can be used to probe the content of the molecular beam In most cases 
the sample molecules are ionised and detected in a linear time-of-flight (TOF) mass spec­
trometer The detection of ions has the advantage of a near-unity detection efficiency The 
incorporation of a mass spectrometer in the experimental apparatus ensures the availabil­
ity of a powerful analytical tool by which a molecule can be identified by determining the 
weight of the parent ion, yielding the elemental composition and the empirical formula of 
the molecule, and by which the structure of the molecule can be inferred from its specif­
ic fragmentation pattern The incorporation of a TOF mass spectrometer in particular, 
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ensures a simple and convenient experimental arrangement with a very high transmission, 
and with no intrinsic limit on the mass that can be detected. 
The mass selection of a TOF mass spectrometer relies on the simple principle that ions 
of the same kinetic energy but of different mass travel at different speed. The velocity 
of the ions is probed by measuring their arrival time after some drift distance relative to 
the starting time of the acceleration. The most important feature of a time-of-flight mass 
spectrometer is its multiplex character, i.e. the feature that with every ionisation pulse 
a complete mass spectrum is detected, which makes this technique ideally suited to be 
combined with a pulsed sample source. The recording of a mass spectrum can be repeated 
with a high rate and in addition the mass resolution can be fairly high. In a linear TOF 
mass spectrometer that samples a molecular beam perpendicular to the direction of that 
beam, a mass resolution of M/AM к 1000 is nowadays routinely obtained. 
1.4 Photo-ionisation 
Ionisation of the sample molecules in the laser desorption jet cooling mass spectrometer is 
always performed using pulsed light sources. Over the last 20 years various photo-ionisation 
methods have been developed that are powerful analytical tools, especially when applied 
in a TOF mass spectrometer [21, 22]. Depending on its 'mode of operation', two differ­
ent methods of photo-ionisation are used in the laser desorption jet cooling mass spec­
trometer. When the spectrometer is used to mass-analyse the content of mixed samples, 
non-selective non-resonant photo-ionisation, preferably single-photon ionisation (SPI), is 
performed. When the spectrometer is used for the selective detection or for the spectral 
analysis of a specific molecule, resonance-enhanced multiphoton ionisation (REM PI) is 
performed. 
In figure 1.1 a number of different photo-ionisation methods are schematically indi­
cated. To be able to detect all the species in a mixture, the ionisation source has to be 
non-selective. Scheme A and В are examples of such non-selective ionisation methods. 
The use of one photon for the ionisation of any molecule (SPI, scheme A) has some impor­
tant advantages over non-resonant multiphoton ionisation (MPI, scheme В). First of all, 
the resulting mass spectrum of the mixture will yield reliable information on the relative 
abundance of the different species in the sample. This is due to the fact that cross sections 
for SPI generally do not differ as much for different molecules as the the cross sections for 
MPI. Furthermore, cross sections for SPI are some orders of magnitude higher than those 
for MPI, thus allowing the use of moderate laser light intensities and therefore avoiding 
fragmentation. SPI however, has the practical drawback that, to overcome the ionisation 
potential (IP) of most molecules, high energetic VU V-photons of 10 eV or more have to be 
produced, which is experimentally rather laborious. MPI on the other hand, only requires 
the use of UV or visible photons, which are routinely produced using lasers. 
Selectivity in the photo-ionisation process is achieved when ionisation is performed via 
an intermediate state that is resonant in energy with one of the steps in the multiphoton 
process (Schemes C, D, and E in figure 1.1). The efficiency of MPI via an energy level 
in resonance with the photon frequency increases several orders of magnitude and this 
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A SPI 
¿¿ψΔ\Ρ 
В MPI 
С 1-colour 
(1+1)REMPI 
¿Δ\ΧΔ IP 
D 2-colour E 1-colour 
(1+1')REMPI (2+1)REMPI 
/ / / ¿ / / I P / / ^ / / | P 
-s„ 
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Figure 1.1: Comparison between various photo-ionisation schemes A (single photon ioni-
sation) and В (multi photon ionisation) are examples of non-selective non-resonant schemes, 
while C, D, and E are resonance-enhanced schemes that take advantage of a resonant in­
termediate state 5X So and IP are the electronic ground state and the ionisation potential, 
respectively 
resonance enhanced multi photon ionisation (REMPI)' process is, therefore, selective for 
the presence of such a resonant state [23, 24, 25] Two important applications of REMPI 
directly result from this feature 
REMPI can be applied as a spectroscopic technique by tuning the photon frequency 
and recording the resulting ion signal Since the promotion of an atom or molecule from 
an intermediate state into the ionisation continuum is not strongly wavelength selective, 
all spectral structure mainly result from the excitation to the intermediate state REMPI 
spectroscopy is therefore a very sensitive way to measure the absorption spectrum of an 
atom or molecule The high sensitivity results from the high efficiency of ionisation via a 
resonant intermediate state and from the high detection efficiency of ions 
In addition, the REMPI technique can be used as an analytical tool that enables the 
selective detection of a specific molecule in mixed samples The position of energy levels is 
substance specific, and an atom or molecule is uniquely determined by its spectrum When 
REMPI is applied in a mixture of molecules, that component is preferentially ionised \vhose 
absorption band is in resonance with the laser wavelength REMPI is therefore species 
selective and permits, for instance, the detection of an isomer within a mixture with high 
sensitivity 
Many variants of the REMPI technique exist, and they differ from each other in the 
number of photons involved in the process and in the use of one or more photon frequencies 
In its most simple form the REMPI technique uses one photon for excitation to some 
energv level and a second photon of the same frequency for ionisation from the excited 
state This is called 1-colour (1+1)-REMPI (scheme C) This scheme is easily applicable 
because only one laser is needed and problems having light pulses overlap in space and in 
time are completely avoided In this particular scheme the intermediate state has to he at 
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an energy larger than half the total energy needed for ionisation. This last requirement 
can be avoided when different photon energies are being used in the excitation step and in 
the ionisation step, like in 2-colour (1+1')-REMPI (scheme D). The latter REMPI scheme 
can also be used for double resonance experiments and for experiments that require the 
light intensities in the excitation and the ionisation step to be controlled separately. The 
1-colour and the 2-colour (1+1)-REMPI schemes are used throughout this thesis. 
To conclude, the application of (tunable) photo-ionisation in a TOF mass spectrometer 
provides a two-dimensional analytical instrument that can be used to selectively measure 
optical spectra for a particular mass in a mixture and, conversely, to measure mass spectra 
for a fixed wavelength. 
1.5 Outline 
The thesis starts with a detailed description of the laser desorption jet cooling mass spec-
trometer in chapter 2. The laser-desorption jet-cooling process critically depends on several 
experimental parameters, and the pulsed laser-desorption molecular beam source is charac-
terized by studying its behaviour as a function of these parameters. The source is further 
characterized by measuring the speed distributions of laser-desorbed sample molecules 
under various experimental conditions. It is demonstrated that the laser-desorption jet-
cooling technique offers the possibility of producing spatially well-defined pulses of sample 
molecules with a well-defined velocity that have in addition a very low temperature leaving 
them in only the lowest quantum states. The analytical capabilities of the spectrometer 
are explored by using various photo-ionisation techniques in the linear TOF mass spec-
trometer to probe the content of' the molecular beam. A F2 excimer laser is shown to be a 
convenient non-selective single-photon ionisation source for the mass analysis of fullcrene 
samples and the mass resolution of the linear TOF mass spectrometer is determined in this 
analysis. Multiphoton ionisation schemes are used to demonstrate 'laser fluence controlled 
fragmentation' of laser-desorbed diphenylamine. At the end of the chapter, a method is 
presented for the generation of tunable radiation in the vacuum-ultraviolet (VUV) region of 
the spectrum, and its feasibility is shown by measuring the one-photon ionisation potential 
of aniline around 163 nm. 
Chapter 3 contains an example of the strength of the 'cavity ring down (CRD) ' detection 
technique. This technique is rather young and very promising to perform sensitive direct 
absorption measurements using pulsed light sources [26]. The technique is based on the 
measurement of the decay rate of a light pulse that travels back and forth in a closed 
optical cavity with a high Q-factor. The cavity causes highly effective multi-passing and 
small absorptions by species inside the cavity can be sensitively measured from the change 
of the decay rate of the light. CRD is applied in our spectrometer to investigate the 
optimum beam intensity of translationally and internally cooled laser-desorbed sample 
molecules that can be achieved. For this, the line-integrated absolute absorption of a pulse 
of laser-desorbed diphenylamine (DPA) molecules is measured via the CRD technique. 
The absolute absorption cross-section of DPA, that needs to be known in order to extract 
from the absorption measurements a value for the number density of jet-cooled DPA in 
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the beam, is independently measured in a separate two-colour ionisation experiment. 
In chapter 4 the value of the spectrometer is demonstrated by using it to perform an 
optical spectroscopic study on laser-desorbed diphenylamine. DPA was used to study the 
performance of the newly built spectrometer, because of the convenient and stable source of 
laser-desorbed sample molecules that is obtained by desorbing DPA from a charcoal matrix, 
and because the vapour pressuie of DPA permits a comparison between laser-desorption 
jet-cooling and conventional molecular beam seeding techniques. In the course of these 
studies, it became apparent that the molecule possesses a lot of interesting features that 
justify an extensive spectroscopic study. Diphenylamine is a representative of a large class 
of molecules where detailed gas-phase spectroscopic information has been lacking due to 
the low vapour pressure of the molecules. In this chapter laser-desorption jet-cooling is 
applied in combination with mass-selective gas-phase spectroscopic techniques to study the 
structure and low-frequency vibrations of DPA, as well as of the van der Waals complexes 
of DPA with several rare gas atoms. The interpretation of the experimental data is backed 
by ab initio calculations. 
In chapter 5 a novel spectroscopic method to determine the spectrum of molecular 
ions is presented. This 'mass analysed threshold ionisation (ΜΑΤΙ)' technique [27] can 
be considered as the mass-selective counterpart of the longer existing 'zero kinetic energy 
(ZEKE)' method [28]. In this chapter ΜΑΤΙ is used to record vibrationally resolved ion­
isation probabilities for laser-desorbed jet-cooled diphenylamine in an attempt to unravel 
the vibrational structure in the electronic ground state of the ion. The resulting ΜΑΤΙ 
spectra show a surprisingly clean Franck-Condon progression with an intensity distribution 
t hat reflects the shape of the wavefunction in the initial vibrational state. These spectra 
therefore form a textbook example of the Franck-Condon principle upon ionisation. 
The ΜΑΤΙ technique, that has proven its virtues in chapter 5, is more deeply examined 
in chapter C. Since the method relies on the detection of molecular Rydberg states to signal 
an ionisation threshold, these Rydberg states have to be included in the examination. The 
highly symmetric caged amine DABCO is a unique model system of a fairly large poly­
atomic molecule that shows a pronounced Rydberg progression with resolvable Rydberg 
states with principal quantum numbers η > 50, which are the states probed by ΜΑΤΙ. In 
this chapter, one of the Rydberg series of DABCO is accurately recorded, which permits a 
detailed analysis of the ΜΑΤΙ signal of DABCO. A strong effect of small electric fields on 
the ΜΑΤΙ signal is observed. 
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Laser desorption jet cooling mass spectrometer 
Abstract 
In this chapter a detailed description of the laser desorption jet cooling mass spectrometer 
is given. The apparatus combines a pulsed laser-desorption molecular beam source with a 
Wiley-McLaren linear time-of-flight (TOF) mass spectrometer, and serves the dual purpose 
of mass-spectrometric sample analysis and optical spectroscopy of involatile molecules. The 
laser-desorption molecular beam source is characterized by measuring the beam intensity 
of laser-desorbed jet-cooled diphenylamine (DPA) as a function of the desorption laser flu-
ence, as a function of the distance between desorption substrate and molecular beam axis, 
and as a function of the desorption timing in the carrier gas pulse. In addition, the source is 
characterized by measuring the speed distributions of sample molecules for various desorp­
tion times and carrier gasses. It is found that a velocity spread as small as δ.δ % (FWHM) 
can be obtained, using this laser-desorption molecular beam source. A mass resolution of 
M/AM — 1200 is demonstrated for the 150 cm long linear TOF mass spectrometer, by 
measuring the mass spectrum of a fullerene mixture via non-selective single-photon ioni­
sation with a F 2 excimer laser. Laser fluence controlled fragmentation is demonstrated on 
laser-desorbed DPA utilizing various multiphoton ionisation schemes. A set-up for gen­
eration of tunable VUV radiation based on resonance-enhanced sum/difference frequency 
mixing in Xe or Kr is described, and its feasibility is shown by measuring the ionisation 
potential of aniline. 
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2.1 General outline of the spectrometer 
Lascr-desorption has proven to be a powerful technique to bring low vapour pressure 
and/or thermally unstable molecules in the gas phase, and is nowadays widely used in 
set-ups for mass-spectrometric sample characterization [1, 2, 3]. The combination of laser-
desorption with conventional molecular beam techniques [4, 5] has shown to yield cold 
sample molecules with ro-vibrational temperatures that are comparable to those obtained 
in molecular beam seeding experiments, and enables the application of high resolution 
gas-phase spectroscopic techniques to large polyatomic (organic) molecules [6, 7, 8, 9]. 
The laser desorption jet cooling mass spectrometer in our laboratory is a home built 
apparatus that is named after its basic configuration made up by the two most vital parts: 
the pulsed laser-desorption molecular beam source, mounted in the main chamber, and 
the linear time-of-flight (TÜF) mass spectrometer, mounted in the detection chamber. A 
scheme of the laser desorption jet cooling mass spectrometer is shown in figure 2.1. 
The main vacuum chamber is built from aluminum plate (25.4 mm thick QC-7 mold-
plate, sealed with silicone-glue) and is 380 mm wide, 450 mm long, and 314 mm high. 
It is pumped by an oil diffusion pump (Balzers DIF 320, 5200 liter/s, 320 mm diameter 
opening) with a water cooled baffle that reduces the pumping capacity approximately by 
a factor of 2. The oil diffusion pump is backed up by a two-stage foreline pump (Welch 
Duo-Seal 1374, 39 iir'/h). A vacuum valve mounted between the main source chamber 
and the oil diffusion pump allows for venting of the vacuum system without shutting down 
the oil diffusion pump. The detection chamber is differentially pumped by a separate oil 
diffusion pump (Leybold-Heraeus DI 400-1A, 400 liter/s, 100 mm diameter opening), with 
a water cooled baffle and a gate valve, backed up by a two-stage foreline pump (Alcatel 
2004A, 4.5 m3/h). The flight, tube of the mass spectrometer has a minimum length of 
GO cm, which can be increased to an arbitrary value depending on the tube sizes available. 
In practice, the mass spectrometer is used with either the basic 60 cm long flight tube or a 
150 cm long flight tube. The lower part of the flight tube is surrounded by a liquid nitrogen 
trap made out of copper for additional cryogenic pumping. The use of this trap decreases 
the background signal due to ever-present low vapour pressure molecules by several orders 
of magnitude. 
Without gas load the steady state pressures are typically 2 · 10 -7 mbar in the source 
chamber and 1 · 10~7 mbar in the detection chamber. Upon filling the cold trap with liquid 
N2 these pressures decrease by a factor of 2. With the pulsed gas source operating at 10 
Hz, the average pressures are typically 5 · 10~6 mbar and 5 · 10~7 mbar, respectively. A 
'vacuum load lock' is mounted on the source chamber to enable quick and easy exchange 
of samples. The load lock connects to the source chamber via a gate valve and can be 
evacuated by a foreline pump. Samples can be removed and inserted via the load lock 
without venting the spectrometer or closing the diffusion pump valves. 
Depending on the exact experiment to be performed, the spectrometer can be equipped 
with additional units, most of which can be present at the same time without interfering 
with each other. These units include a 'mass analysed threshold ionisation (ΜΑΤΙ) set-up' 
(described in chapter 5) that is integrated in the TOF mass spectrometer, a 'cavity ring 
down (CRD) detection unit' (described in chapter 3). a 'laser induced fluorescence (LIF) 
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F i g u r e 2 . 1 : Scheme of the laser desorption jet cooling mass spectrometer. DPA molecules 
are laser-desorbed out of a piece of charcoal that is positioned near the orifice of a pulsed valve. 
The molecular beam is skimmed upon entering the differentially pumped mass spectrometer. 
Molecules are photo-ionized and detected at the end of a Wiley-McLaren type linear TOF 
set-up. 
imaging unit' (described in section 2.3) «as well as a 'vacuum-ultraviolet (VUV) generation 
unit' (described in section 2.4.3). 
In this chapter the various components of the spectrometer, as well as the electronic 
detection and control system, will be described in detail. The laser-desorption molecular 
beam source will be characterized by studying the efficiency of entrainment and cooling 
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of laspr-dcsorbcd molecules in the expanding jet as a function of several parameters, and 
further by measuring the speed distributions of sample molecules under various experi-
mental conditions. Some possibilities of the spectrometer will be explored by using various 
photo-ionisation methods to probe the content of the molecular beam. A method will be 
demonstrated for the generation of tunable VUV radiation and the mass resolution of the 
spectrometer will be determined experimentally. 
2.2 Laser-desorption molecular beam source 
A pulsed laser-desorption molecular beam source is used to generate a beam of internally 
cold involatile molecules. In this source conventional molecular beam techniques for the 
production of extremely cold gas-phase molecules are combined with laser-desorption tech-
niques to evaporate (organic) sample molecules that are otherwise hard to bring into the 
gas-phase. 
The pulsed molecular beam is generated by a pulsed valve (R.M. Jordan Co., PSV 
Pulsed Supersonic Valve) with a 0.5 mm diameter nozzle opening that operates on the 
magnetic repulsion principle in a current-loop mechanism. This current-loop mechanism, 
first introduced by Dimov [10] and further developed by Gentry and Giese [11], is im-
plemented by mounting two parallel conductors in a hairpin configuration. The valve is 
actuated by a strong current pulse of up to 5000 Amps and 20 ßs pulse duration, passing 
in opposite directions through the adjacent conductors and generating a magnetic force 
which pushes them apart, thereby opening the valve. 
This operating principle has some important advantages. First of all it allows for the 
generation of very short gas pulses of typically 30 με duration. Because the maximum 
allowed time integrated gas load of the vacuum system is limited by the available pumping 
speed, the gas pulses can in addition be made very intense. Furthermore, the released gas 
pulses have an approximate 'top hat' density profile in time and in space, which makes the 
valve well suited for our application and in e.g. collision experiments [12]. The valve can 
be operated at a maximum repetition frequency of 12 Hz with a backing pressure up to 
10 bar. In addition the valve can be heated to a maximum allowed temperature of 100 °C. 
Under normal operating conditions the valve is used at a 10 Hz repetition rate with 2 bar 
of a raie gas as the carrier gas. 
Injection of the involatile sample molecules in the jet expansion is achieved by desorbing 
them with a laser pulse from a sample substrate that is positioned as close as possible to 
the oiifice of the pulsed valve. The shape of the sample substrate, as well as its distance 
to the nozzle, is chosen as to influence the free jet expansion as little as possible. For 
most applications the sample substrate is a 'knife-shaped' stainless steel bar mounted 
horizontally and parallel with the nozzle front plate, just below the orifice. For this the 
original nozzle is adapted in order to make its front plate level with the valve housing. The 
upper surface of the sample bar is always less than 2 mm wide (4 nozzle diameters). In cases 
where the sample consists of molecules with a vapour pressure below 10 - 7 mbar, like in 
the case of fullerene containing samples, the molecules are deposited directly on top of the 
surface of the sample bar. This can be done, for instance, by drying the sample molecules 
Laser desorption jet cooling mass spectrometer 25 
out of a solution in a volatile solvent. For molecules with vapour pressures between IO - 7 
and 10~3 mbar a matrix has to be used to avoid the molecules to be pumped away too 
fast. In the case of diphenylamine (DPA), that has a vapour pressure of 4 · 10~4 mbar 
at room temperature, a «1 mm3 piece of charcoal (active carbon) is used as a matrix. 
This charcoal can contain a large buffer quantity of DPA that, is slowly released from the 
bulk to the surface of the matrix. DPA is desorbed from the top layers of the charcoal 
by the desorption laser pulse, and is replenished by migration from the bulk in between 
laser pulses. In this way a stable source of DPA is obtained that lasts for many hours of 
operation [9, 13, 14]. 
When the peak intensity of the carrier gas pulse is above the sample substrate, the des­
orption laser is fired. For desorption, the unfocused frequency-doubled output of a Nd:YAG 
laser (Spectra-Physics, GCR-11) is used. The laser pulse heats the sample substrate in­
stantaneously, causing the sample molecules to desorb from this substrate. The fluencc of 
this laser is kept between 106 and 108 W/cm2 (approximately 1 mJ of 532 nrn in a 1 mm 
diameter spot), which has been shown to give efficient desorption without any fragmenta­
tion for many molecules [8, 9]. The laser-desorbed molecules are entrained in the carrier 
gas pulse and are internally cooled by multiple collisions with the carrier gas atoms. This 
cooling process can be as efficient as in conventional molecular beam seeding experiments 
provided the desorption takes place very close to the nozzle (within a few nozzle diameters) 
and rotational temperatures down to 5 К have been obtained using this laser-desorption 
jet-cooling approach [9]. The pulse of laser-desorbed molecules travels along the molecular 
beam axis through the skimmer into the differentially pumped detection chamber. 
The efficiency of entrainment and cooling of the laser-desorbed molecules in the jet 
strongly depends on several factors. The most critical parameters are (i) the desorption 
laser fluence, (ii) the positioning of the desorption substrate relative to the nozzle, (iii) the 
timing of the desorption laser in the carrier gas pulse and (iv) the carrier gas that is being 
used. To investigate this in detail, the beam intensity of laser-desorbed jet-cooled DPA 
molecules is monitored as a function of each of these parameters, as described in the next 
sections. In this investigation a rare gas, in most cases Ar, with a backing pressure of 2 bar 
is used as the carrier gas, and the DPA molecules are monitored in the detection chamber 
via a two-colour (1 + 1') resonance-enhanced rnultiphoton ionisation (REMPI) scheme, as 
is discussed in detail in chapter 4. In this scheme laser excitation of DPA to the origin 
of the first electronically excited singlet state S] at 32461.7 cm - 1 is performed with a 
pulse from a frequency-doubled tunable dye laser that is pumped by a frequency-doubled 
Nd:YAG-laser pulse. Part of the same Nd:YAG-laser pulse is frequency-tripled and this 
counterpropagating 355 nm pulse is used for subsequent ionisation from the S! state. The 
parent ion (169 amu) is mass-selectively detected in the TOF mass spectrometer (section 2.3 
below). Via this detection scheme only those DPA molecules that are in the vibrational 
ground state are detected. It is therefore important to realize that the measurement is 
sensitive both to the number of DPA molecules entrained in the jet, as well as to the 
degree of cooling of the desorbed molecules. 
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2.2.1 Desorption laser fluence 
To investigate the effect of the desorption laser fluence on the efficiency of the laser-
desorption jet-cooling process, the beam intensity of laser-desorbed jet-cooled DPA is 
monitored as a function of this parameter. A representative measurement is shown in 
figure 2.2. The desorption laser fluence is measured on a relative scale with a photodiode 
looking at a reflection from one of the optical surfaces in the desorption laser beam path. 
This scale is calibrated afterwards by measuring the absolute desorption laser power for a 
well defined laser beam profile. A desorption laser pulse length of 5 ns is assumed to con­
vert the measured quantities to the MW/cm2 scale given in the figure. The height of the 
desorption sample as well as all other experimental parameters are kept at their optimum 
values and 2 bar of Ar is used as the carrier gas. 
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F i g u r e 2.2: Measurement of the beam intensity of laser-desorbed jet-cooled DPA as a 
function of desorption laser fluence. DPA molecules are laser desorbed from a piece of charcoal 
using a 532 nm pulse from a frequency-doubled Nd:YAG-laser. The DPA molecules are mass-
selectively detected in the TOF mass spectrometer via a two-colour (1+1')-(REMPI) scheme 
in which DPA is resonantly excited on the origin of the Si <— So transition at 32461.7 c m - 1 . 
From the figure it can be seen that there is a threshold value of sa2.5 MW/cm2 for the 
desorption laser fluence below which laser-desorption of DPA molecules from a charcoal 
matrix does not occur. Above this value there is a steep rise in laser-desorbed jet-cooled 
molecules with increasing laser fluence which can be understood from the increasing heating 
rate of the sample substrate. The beam intensity of sample molecules reaches a maximum 
at a desorption laser fluence of (8±2) MW/cm2. The optimum value of the desorption laser 
fluence is quite independent of the carrier gas used in the expansion. Above this optimum 
value the beam intensity of jet-cooled DPA does not increase further, it even gradually 
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F i g u r e 2.3: Two independent measurements (circles and squares) of the beam intensity of 
laser-desorbed jet-cooled DPA as a function of the vertical distance of the desorption surface 
relative to the molecular beam axis (negative values are below the axis and positive values 
are above it) The solid curve is the average of the two measurements The arrow indicates 
the extent of the nozzle orifice 
decreases This can be explained in two different ways It might be an indication that the 
desorption laser depletes the sample molecules from the upper layer of the charcoal matrix 
alternatively, the increasing amount of DPA molecules desorbing from the charcoal might 
lead to a growing disturbance or even blocking of the free jet expansion at increasing laser 
fluences, which leads to a decrease in beam quality 
2.2.2 Position of the desorption substrate 
Accurate positioning of the desorption substrate relative to the nozzle is needed for opti­
mum performance To meet this requirement, the laser-desorption molecular beam source 
incorporates a mechanism for tianslation of the sample bar parallel to the front of the 
nozzle This mechanism permits 30 mm of travel in horizontal direction (positioning accu-
іас better than 0 1 mm) and 10 mm of travel in vertical direction (accuracy better than 
0 01 mm) In addition, the distance along the molecular beam between nozzle and sample 
bai can be adjusted In this way the position of the sample substrate can be controlled 
from the outside of the svstem under operating conditions The accurate alignment of the 
desoiption laser spot along the molecular beam axis is ensured by a 1 0 mm wide χ 2 0 mm 
long (along the beam axis) rectangular mask mounted directly to the nozzle front plate 
8 mm above the beam orifice 
To im estigate the effect of the substrate position on the efficiency of entrainment and 
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cooling of the laser-desorbed molecules in the jet, the beam intensity of laser-desorbed jet-
cooled DPA molecules is monitored as a function of the vertical distance of the desorption 
surface relative to the molecular beam axis. The result is shown in figure 2.3. The ordinate 
in this figure is in units of the nozzle diameter of 0.5 mm, which is the relevant dimension 
for this measurement, and the extent of the orifice is indicated by the arrow. The figure 
shows two independent measurements — i.e. from two different pieces of charcoal — of 
the DPA ion signal as a function of the vertical displacement, both calibrated afterwards 
on an absolute scale. All the measurements show a very sharp signal distribution with 
a full width at half maximum (FWHM) between 0.25 and 0.30 nozzle diameters. The 
laser-desorption jet-cooling process depends therefore critically on the desorption surface 
height. The average optimum desorption surface height for desorption of DPA from a piece 
of active carbon is (0.035 ± 0.085) nozzle diameters below the molecular beam axis. This 
last result is quite surprising, because it implies that the nozzle is partly blocked by the 
sample substrate, which is expected to interfere with a free supersonic expansion. It is 
probably better to view the nozzlc/sample-substrate combination as the effective beam 
orifice, where desorption then takes place in the nozzle. 
2.2.3 Timing of the desorption laser 
Another experimental parameter crucial for the efficiency of entrainment and cooling of the 
laser-desorbed molecules in the jet, is the timing of the desorption laser pulse with respect 
to the gas pulse. The left panel of figure 2.4 shows a measurement of the DPA beam 
intensity in an expansion of 2 bar Ar as a function of the timing of the desorption laser 
relative to the trigger that activates the pulsed valve. All other experimental parameters 
are fixed to their optimum values, including the time-delay between the desorption laser 
and the ionisation laser pulse, which was in this measurement 138.0 /ÍS (see below). 
The DPA beam intensity is again monitored by measuring the DPA ion yield in the 
detection region via the two-colour (1+1')-REMPI scheme with resonant excitation on the 
origin of the Si <— So transition described earlier in this section. The figure shows the 
individual data points (black circles) together with a running average over 15 data points 
(solid line). The time axis in this panel contains an unknown offset since the response time 
of the valve as well as the time profile of the expanding Ar gas pulse at the position of the 
desorption laser spot are not accurately known. Hence, it is difficult to know exactly in 
which part of the Ar pulse the desorption takes place. The relative time values are correct, 
however, and from the figure it can be seen that efficient entrainment and cooling of the 
desorbed molecules is limited to a very short period of time during the jet expansion. The 
'desorption profile' has a full width at half maximum (FWHM) of 12.8 /ts. This is at least 
a factor 2 narrower than the width of the carrier gas pulse. The maximum signal in this 
measurement occurs at a desorption time-delay of 239.0 με. 
A good way to characterize a molecular beam is to measure the speed distribution of the 
sample molecules in the beam. From this speed distribution the translational temperature 
of the beam can be obtained, which in turn is an indication for the degree of cooling 
of the ¿niro-molecular degrees of freedom in the expansion. For a continuous supersonic 
expansion the translational temperature T|| of the beam is related to the velocity spread 
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F i g u r e 2.4: Desorption and time-of-flight profiles of jet-cooled DPA that is detected by 
REMPI via the origin of the Si «- So transition. 
Left panel: beam intensity of laser-desorbed jet-cooled DPA as a function of the timing of the 
desorption laser relative to the valve trigger pulse for a fixed time-delay between desorption 
and ionisation laser of 138 ßs. The circles give individual data points while the solid line is a 
running average over 15 data points. 
Right panel: time-of-flight distributions of laser-desorbed jet-cooled DPA for different desorp-
tion times (indicated in the figure), measured by monitoring the DPA ion yield as a function 
of the time-delay between desorption and ionisation. 
All solid curves are scaled to yield the correct relative intensities. The arrows indicate the 
relative FWHM-values of the curves. 
Δυ by the expression Гц = (At;)2m/8Â:ln2 [5], with к the Boltzmann constant, and m the 
(average) atomic or molecular weight of the expanding gas. Measuring speed distributions 
in continuous or pulsed supersonic beams normally involves sampling of the beam behind 
the expansion region at two different positions along the beam axis, or the use of a velocity 
selector. In the laser desorption jet cooling mass spectrometer measuring the parallel (i.e. 
axial) speed distribution of laser-desorbed molecules is readily accomplished by varying 
the time-delay between desorption and sampling of the desorbed molecules. Monitoring 
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the beam intensity of sample molecules as a function of this time-delay will of course yield 
a measurement of the time-of-flight (TOF) distribution of the laser-desorbed jet-cooled 
molecules between the sample substrate and the point of intersection with the ionisation 
laser in the detection chamber. Because the desorption process takes place so close to the 
beam axis (see figure 2.3), and because the time scale of the process is so short, it can be 
assumed that, for the purpose of time-of-flight measurements, the desorbed molecules are 
injected in the beam all at the same time. The moment the desorption laser is fired can 
thus be regarded as the starting point <o f°r all the sample molecules. The time-of-flight 
profile therefore directly reflects the parallel speed distribution of the desorbed molecules, 
convoluted with the spatial width of the desorption and ionisation laser beams. 
The right panel of figure 2.4 shows time-of-flight profiles of laser-desorbed jet-cooled 
DPA in an expansion of 2 bar Ar for different desorption times. The DPA ion yield is 
measured at a distance of (100 ± 3) mm from the nozzle via the 2-colour (1+1')-REMPI 
scheme described above with a 1 mm diameter probe laser beam. All the solid curves in 
figure 2.4 are plotted such that the relative intensities are correct. For all the desorption 
time-delays within the narrow distribution shown in the left panel, a sharp TOF profile is 
observed with a width of 8.0 % or less of the observed mean flight time (FWHM < 11 /ÍS). 
The desorption time and the relative value of the observed width are indicated for each 
TOF profile. 
The mean velocity of DPA molecules is highest for desorption in the first part of the 
carrier gas pulse and decreases when the desorption time-delay is increased. In figure 2.4 the 
mean velocity ranges from 750 m/s for the lowest profile to 700 m/s for the highest profile. 
This effect is indicative of a decrease in velocity of the carrier gas atoms over the temporal 
profile of the gas pulse, probably caused by a decrease in the effective nozzle temperature 
during the gas pulse; a decrease of (3.4 ± 0.5) °C/μ& is sufficient to explain the observed 
effect (see also section 2.2.4). The TOF distribution slightly sharpens — so the (parallel) 
translational temperature decreases — and the entrainment and cooling of the desorbed 
molecules is more efficient for later desorption times. In this series of measurements the ion 
yield of cold DPA reaches a maximum in the profile taken at a desorption time of 245.25 ps, 
and for this same TOF profile the relative width has the smallest value of (5.4 ± 0.3) %. 
The mean flight time in this case is (142.1 ± 0.3) /ÍS, which corresponds to a mean velocity 
of cold DPA molecules of (704 ± 23) m/s. Using these values the corresponding parallel 
translational temperature for the sample molecules is (1.25 ± 0.20) K. The observed width 
has to be deconvoluted with the 1 mm probe laser beam diameter and the effective width 
of the charcoal piece from which the DPA molecules are desorbed, to get the real spread 
in flight time, which is then even smaller than the values in the figure. It is therefore 
concluded that under optimum desorption conditions the relative velocity spread — which 
is equal to the relative spread in flight time — of laser-desorbed jet-cooled DPA molecules 
is below 5 %, and the corresponding translational temperature of these molecules is around 
1 K. 
The REMPI scheme used to monitor the DPA beam intensity in figure 2.4 detects 
preferentially cold DPA molecules. It is instructive to relate the measured desorption and 
TOF profiles of jet-cooled DPA to the distributions of all the DPA molecules, cold and 
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warm, transported by the jet. To do so the frequency of the excitation laser is tuned 
to 33839 cm -1, 1377 cm_1above the electronic origin of the Sx «— S0 transition. In this 
frequency region the electronic excitation spectrum of DPA is completely congested (see 
section 4.3.1 in chapter 4), and as a result DPA molecules in all rovibrational states in 
the electronic ground state can be excited to the Si state and subsequently ionized with a 
355 nm photon. The result is shown in figure 2.5. The figure shows the running averages of 
the measured profiles (solid curves). Again, these curves are plotted on the same relative 
scale. For comparison two of the observed TOF profiles for cold DPA are also plotted in 
this figure (dashed curves). 
In the left panel the DPA ion yield is plotted as a function of the timing of the des-
orption laser in the Ar gas pulse. The time-delay between the desorption laser and the 
ionisation laser is now fixed to 139.5 /ÍS. Compared to the measurement for cold DPA the 
distribution is now much wider (FWHM > 22/¿s), while the optimum time value lies only 
a few microseconds earlier. This means that transportation of the desorbed molecules by 
the drive gas pulse is not that critically dependent on the exact moment of desorption, 
but additional cooling of the internal degrees of freedom of the entrained sample molecules 
will only occur in a small part of the expanding gas pulse where conditions like density 
and speed of the expansion are just right. These conditions seem to be fulfiled best when 
desorption is occurring in the later part of the gas pulse. 
The TOF profiles for all DPA molecules are plotted in the right panel of figure 2.5, 
and are labelled with the respective desorption time-delays and with their relative FWHM 
values. Again, the velocity and the velocity spread are largest for early desorption and 
decrease with increasing desorption time-delays. The decrease in the mean velocity is 
consistent with the previously mentioned cooling rate of the source gas of 3.4 °С/ДБ. It is 
observed that the difference in the velocity spread for different desorption times is much 
larger than for the TOF profiles of cold DPA. This is consistent with the observation from 
the left panel of figure 2.5 that for early desorption times the cooling of sample molecules 
is bad, which will result in a large velocity spread. The TOF profiles for desorption 
in later parts of the expanding gas pulse become quite narrow again, which indicates 
that experimental conditions can be made such that a large fraction of the laser-desorbed 
molecules that are entrained in the jet and transported by it, is cold. It is generally observed 
from the time-of-flight profiles given in figure 2.5 that the internally cold DPA molecules 
have the highest velocity, an observation that has also been reported by others [9]. 
The TOF distributions — and associated velocity distributions — for laser-desorbed 
jet-cooled DPA molecules like the ones shown in figure 2.4, are exceptionally narrow. In 
molecular beam seeding experiments using the same Pulsed Supersonic Valve the velocity 
spread of sample molecules is 10 % under optimum conditions, as explicitly measured 
by Jongma et al. [15], which can be fully accounted for by the change in velocity of the 
carrier gas atoms over the temporal profile of the gas pulse, due to a decrease in the 
effective nozzle temperature during the gas pulse. Due to the instantaneous injection of 
sample molecules in the gas pulse by the desorption laser, however, the relative speed 
distribution of laser-desorbed molecules can get as narrow as 7.0 % (FWHM). This means 
also that the spatial distribution of sample molecules in the beam is extremely sharp: a 
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F i g u r e 2.5: Desorption and time-of-fhght profiles of DPA molecules that are detected via 
quasi-resonant excitation 1377 c m - 1 above the origin of the Si <— So transition (solid curves) 
Left panel beam intensity of laser-desorbed DPA as a function of the timing of the desorption 
laser relative to the valve trigger pulse for a fixed time-delay between desorption and ionisation 
laser of 139 5 μ5 The curve is a running average over 15 data points 
Right panel time-of-fhght distributions of laser-desorbed DPA for different desorption times 
(indicated in the figure), measured by monitoring the DPA ion yield as a function of the 
time-delay between desorption and ionisation 
All solid curves are scaled to yield the correct relative intensities For a comparison some of 
the profiles for jet-cooled DPA from figure 2 4 are plotted as well (dashed curves) 
relative FWHM of (7 0 ± 0 25) % at a total distance of (100 ± 3) mm conesponds to a 
(7 0 ± 0 5) mm long package of sample molecules in the detection region It is concluded 
that the lascr-desorption jet-cooling technique offers the possibility of producing spatially 
well-defined pulses of sample molecules with a well-defined velocity that have in addition a 
low temperature which leaves them in a limited number of quantum states It is therefore 
expected that the laser-desorption jet-cooling technique has a great potential in many 
applications, one of them being collision experiments 
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2.2.4 Carrier gasses 
The efficiency of the laser-desorption jet-cooling process depends strongly on the carrier gas. 
Whereas in conventional molecular beam seeding experiments the best results are usually 
achieved with He or Не/Ne mixtures, in laser-desorption jet-cooling experiments He is not 
a favourable carrier gas. For the laser-desorption jet-cooling process it is important to 
choose a carrier gas with a favourable atomic or molecular weight relative to the mass 
of the sample molecules. In order for the sample molecules to travel in the direction of 
the molecular beam, their initial direction has to change и 90е. This is accomplished by 
multiple collisions with the carrier gas atoms in the expansion region. Furthermore, only 
those sample molecules that travel with the same speed as the carrier gas atoms, have 
significantly cooled down their internal degrees of freedom. This means that there has to 
be an efficient transfer of momentum between the drive gas atoms and the sample molecules 
in the expansion region: the heavier the sample molecules are, the heavier the drive gas 
atoms have to be. For laser-desorption jet-cooling of DPA molecules, of all the iare gasses 
the best results are achieved with Ar as the carrier gas, with Ne being a good alternative. 
A more detailed comparison between He, Ne, Ar, Kr, and Xe drive gas for desorbed DPA 
is presented below. For the fullerene molecules, Kr or Xe give the best results. 
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F i g u r e 2.6: Time-of-flight profiles of laser-desorbed jet-cooled DPA for different carrier 
gasses (indicated in the figure), measured by monitoring the DPA ion yield by REMPI via 
the origin of the Si <— So transition as a function of the time-delay between desorption and 
ionisation. The circles give individual data points while the solid line is a running average over 
15 data points. The solid curves are scaled to have the same height in the figure. The arrows 
give the relative FWHM-values of the curves. 
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Figure 2.6 shows the T O F profiles of laser-desorbed jet-cooled DPA for He, Ne, Ar, 
Kr, and Xe drive gas respectively. In these measurements the DPA molecules again have 
been detected via multiphoton ionisation with resonant excitation on the origin of the 
Si <— So transition as a function of the time-delay between desorption and ionisation. AH 
the drive gasses have been used with a 2 bar backing pressure and for each drive gas all 
the experimental parameters have been optimized to yield the sharpest T O F profile. The 
resulting optimum timing of the desorption laser in the carrier gas pulse shows remarkably 
little variation for the various drive gasses used, ranging from 242.0 μβ for He to 247.0 ßs 
for Xe. The figure shows for each measurement both the individual data points (black 
dots) as well as a running average over 15 data points (solid line). All curves have been 
scaled to yield the same maximum. The efficiency of entrainment and cooling in the jet 
for the various drive gasses can thus from this figure only be judged by the signal to noise 
(S/N) ratio of the measurement. All profiles are very sharp with a relative width between 
7.0 % and 5.5 %. These measurements are carried out under similar but not necessarily 
identical conditions, and the observed differences are therefore not significant. 
The most probable velocity vp for each TOF profile can be related to the source temper-
ature 7Ό of the drive gas. For a continuous supersonic expansion these two quantities are 
related by the expression To = {y—l)/ry-mVp/2k [5], with к the Boltzmann constant, m the 
(average) atomic or molecular weight of the expanding gas, and 7 the specific heat ratio, 
which for a rare gas can be best approximated by the ideal gas value of 5/3. The results 
of an evaluation of the T O F profiles for the various carrier gasses shown in figure 2.6 are 
listed in table 2.1. The observed mean velocities are rather high, especially for the heavier 
rare gasses, which is also expressed by the corresponding calculated source temperature 
that rapidly increases with increasing atomic mass of the carrier gas from slightly above 
room temperature for He to Ä 340°C for Xe. Jongma et al. observed a similar trend — to 
a lesser degree — when they used the Jordan PSV valve for seeding the CO molecule in 
different rare gasses [15]. 
Table 2.1: Comparison of the mean velocity vp, the relative velocity spread Av/vp, and the 
associated source temperature To of laser-desorbed jet-cooled DPA for various carrier gasses 
vv (m/s) 
Δυ/ιν (%) 
To (K) 
He Ne Ar Kr Xe 
1812 924 704 539 440 
5.5 6.0 5.4 6.9 7.0 
316 415 476 586 611 
±3.5% 
±7.0% 
Tbc expression used to calculate the source temperature is derived for the case of a 
continuous supersonic expansion of an isentropic medium that can be approximated by an 
ideal gas, conditions that are not met by the current experiment. If one believes, however, 
that the relation is still approximately valid for the present experiment, then there has to be 
an explanation for the apparent high source temperature. Energy dissipation in the hairpin 
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conductor during the strong current pulse that activates the valve, will cause a high effective 
source temperature during the expansion. Besides the observed high source temperature, 
it is also observed that the source temperature decreases with the atomic mass of the drive 
gas. This could be the (combined) effect of velocity slip and thermalization during the 
expansion. Velocity slip of sample molecules relative to the drive gas is well-known from 
molecular beam seeding experiments, and has been observed for the laser-desorption jet-
cooling technique as well [16]. The velocity slip is expected to be largest for the4 light carrier 
gasses because of least efficient momentum transfer with the entrained sample molecules. 
The velocity slip in the present experiment is, however, believed to be small, especially 
for the cold sample molecules. This is confirmed by the fact that the mean velocity of 
jet-cooled DPA molecules carried by an Ar jet expansion, as observed from the profile in 
figure 2.6, is in perfect agreement with the mean velocity of a pulse of Ar atoms released 
from a Jordan PSV valve, as measured by H. Meyer [12]. The observed decrease in source 
temperature with decreasing mass of the carrier gas is therefore most likely caused by the 
simultaneous increase in heat conductivity of the drive gas: He thermalizes most efficiently 
with the room temperature valve body during its way through the nozzle orifice, whereas 
Xe thermalizes least efficiently. 
2.3 Time of flight mass spectrometer 
In most experiments, detection of the sample molecules in the beam is performed in the 
differentially pumped time-of-flight (TOF) mass spectrometer. The next section will deal 
with some principles involved in time-of-flight mass spectrometry, and the subsequent 
section will describe the linear TOF mass spectrometer in detail. 
2.3.1 Mass selection 
The mass selection of the spectrometer relies on the simple principle that ions of the same 
kinetic energy but of different mass travel at different speed. The ions formed in the laser 
interaction region are accelerated by the electric field present in this region and acquire a 
kinetic energy that is the same for all ions that started at the same equipotential surface. 
The velocity of the ions at which they enter the drift region is then a function of the ratio 
of their mass to their charge. This velocity is probed by measuring their arrival time after 
some drift distance relative to the starting time of the acceleration. A mass spectrometer 
employing this time-of-flight (TOF) principle has several important advantages, as already 
discussed in the introduction (chapter 1). 
The exact arrival time Τ of an ion depends not only on its mass to charge ratio m/q, 
but also on its initial kinetic energy Uo in the direction of the drift tube and on its initial 
position s between the extraction electrodes. The resolving power of a TOF spectrometer is 
determined by the degree to which the arrival-time spread ΔΓ, caused by the ever-present 
initial kinetic energy distribution and initial space distribution of the ions in the source, 
can be reduced. 
The kinetic energy spread is determined by the molecular beam conditions and can 
be made fairly small (see section 2.2). By choosing a perpendicular set-up of the TOF-
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spectrometer relative to the molecular beam and a rectangular skimmer shape as described 
above, the component of the kinetic energy in the TOF-direction is made small enough 
to neglect the effect of the initial kinetic energy spread on the resolution of the TOF 
spectrometer relative to the effect of' the initial space distribution. 
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F i g u r e 2.7: Scheme of the linear Wiley-McLaren double-field configuration of the TOF mass 
spectrometer. Sample molecules travel from top to bottom between the electrodes at voltages 
V\ and V2, photo-ionisation occurs at t=0 at a distance s from the middle electrode, the ions 
are accelerated in electric fields Es and E¿, deflected by field EL, and arrive at the detector 
at the end of the drift tube with length D at time T. 
Already in 1955 Wiley and McLaren showed that a double-field configuration can con-
siderably improve the mass resolution [17]. The TOF mass spectrometer in our laboratory 
is designed according to this configuration which is outlined in figure 2.7. In the following 
the space-focussing property of this spectrometer, which is the ability of the apparatus to 
minimize the time spread AT resulting from an initial spread in space As, will be briefly 
discussed. In the analysis the initial kinetic energy is taken to be zero. The time-of-flight 
7"(¿>) for the Wiley-McLaren configuration can be expressed as 
„ , . / то ( 2 s ^ + 2 r f i=TT + 4 (2.1) 
where the total kinetic energy is given by U = Us+U¿ = q(sEs+dEd), and the dimensionless 
parameter ks is related to the kinetic energy by 
_ U _ sE„ + dEd 
s
 - Us - sEs 
The space-focussing condition (dT/ds) = 0 leads to 
D=
™'M1-krht:$ 
(2.2) 
(2.3) 
In our spectrometer the ions are formed exactly halfway between the repeller and the 
extractor plate, i.e. s = d/2, where d is fixed by construction, and expression (2.2) reduces 
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It can be seen from equations (2.3) and (2.4) that under these conditions and for a chosen 
value of D the ratio Vi/V2 is uniquely determined. This is condensed in the relation 
D k2 + ky/k-2k . , r . 
d Vk + 1 
that characterizes the TOF-spectrometer. The parameter k¿/2, defined by expression (2.2), 
can alternatively be seen as a system parameter determined by the spectrometer equa-
tion (2.5) that has to be obeyed to fulfill space-focussing. Finally, equation (2.1) can now 
be recast to 
T = K-d/y¡V¡-\/rñ/q, (2-6) 
where the proportionality constant К is only determined by the system parameter k: 
J(k+l)/2 , ,- ,-
 N 
K=^~=—— (AV¡fc + fc-\/¡fc-r-3). (2.7) 
It is obvious from the above that it is important to know the value of the system 
parameter к for the different lengths of the drift region used in the mass spectrometer. The 
system parameter can in principle be determined from the spectrometer equation (2.5) by 
measuring the ratio D/d, but it is difficult to accurately determine the effective length D 
of the drift region. It is more convenient and realistic to extract the fc-value under the 
space-focussing condition from either relation (2.4) by measuring the ratio і/ ^, or from 
relation (2.6) by measuring the time-of-flight for a known mass. The latter can be done 
rather accurately. The space-focussing condition is experimentally found by minimizing 
the width of the mass peaks while varying the ratio V1/V2. Equation (2.5) now determines 
an effective experimental value for the drift length D that accounts for several perturbing 
effects, like electric field inhomogeneitics, stray fields and post-acceleration towards the 
detector. 
For the laser desorption jet cooling mass spectrometer the experimentally determined 
values of the system parameter are к = 16.27 for the basic version of the spectrometer 
with a 60 cm long drift tube, and к = 29.28 for the spectrometer with the extended 
150 cm drift tube. In practice, the value of k
s
 also depends on the position of the laser 
beam (equation (2.2)) and might slightly deviate from the system parameter value. Space-
focussing reduces the arrival-time spread ΔΤ down to a lower limit which is determined 
by other factors. In the case of permanent extraction fields this lowei limit will be mainly 
determined by the duration of the ionisation laser pulse. In the case of a pulsed extraction 
field the rise time of the voltage pulse will set the lower limit. 
A general measure for the resolution R of a mass spectrometer is the highest mass, M, 
from which a neighbouring mass peak can still be resolved. Two peaks can be just resolved 
when AM, the full peak width at half maximum (FWHM), equals the distance between 
the peaks. Therefore, R can be expressed as Л Ξ M ¡AM. As the arrival time of an ion in 
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a TOF mass spectrometer is always proportional to the square root of its mass (2.6), the 
mass resolution of a TOF spectrometer is half its time resolution: R = ^T/AT. The mass 
resolution of a Wiley-McLaren linear TOF mass spectrometer increases with the length D 
of its drift region. Both increasing D as well as increasing Τ (by lowering Vi) will improve 
the mass resolution R at the expense of the transmission of the TOF spectrometer. The 
maximum mass resolution that has been obtained in our Wiley-McLaren linear TOF mass 
spectrometer with a 150 cm drift tube is R = 1200 (measured at m/q =720), as shown in 
section 2.4, figure 2.8. 
A permanent transverse deflection field can be applied in order to compensate for the 
velocity VQ of the ions along the molecular beam direction. The setting of the deflection 
field can be optimized for one single ionic mass, and the optimum setting depends on 
experimental conditions, like the velocity of the carrier gas and the acceleration voltages 
that are being used. The mass-dependent deflection field strength EL necessary to center 
the ion beam on the detector is given by: 
ь
-"ш'чщ?·^·^· (28) 
It is possible to compensate for the transverse velocity u0 of all ionic masses present in 
each pulse simultaneously by applying a deflection field EL{t) that varies linearly in time, 
starting from Е^{10) = 0 at the time ¿o that the ion acceleration starts. This is evident if 
one realizes that the time at which an ion of mass m is at a certain position in the drift 
tube is proportional to Jm/q, implying that a mass-independent expression for EL can 
be obtained if Jm/q in equation (2.8) is replaced by i. The deflection is optimized for all 
masses if a deflection field £ν,(ί) = A • t is used, with a slope A given in our set up by 
A _ ^йГ'^-уу- (2 9) 
ЗА- m • d{L + 2D') - 2L
2
 - 6D'{D' + L) 
An evaluation of expression 2.9 for our spectrometer shows that voltage ramps in the range 
1.0 100 V//is are needed. 
2.3.2 Description of the TOF mass spectrometer 
Several different detection techniques are integrated in the mass spectrometer, including 
various forms of photo-ionisation, 'mass analysed threshold ionisation' (ΜΑΤΙ), and 'laser 
induced fluorescence' (LIF). The detection chamber is made from gold plated copper to 
ensure a good heat contact with the liquid nitrogen trap and a clean surface with a high 
work function. It connects to the source chamber at the front via a slitskimmer having 
its opening 37 mm downstream from the pulsed nozzle, a larger opening opposite to the 
skimmer at the back to avoid accumulation of gas by successive drive gas pulses, and two 
laser beam ports opposed to each other at the right and left side of the detection chamber. 
The skimmer is 25 mm long, cone shaped, and has a 1 mm high χ 5 mm wide rectangular 
opening which permits a large amount of sample molecules to enter the detection chamber 
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without .spoiling the mass resolution too much (see below). The shape of the skimmer is 
not very critical for the experiments performed in the spectrometer because the very short 
(m time and space) carrier gas pulses have a length that is for all carrier gasses less than 
twice the length of the skimmer. This means that backscattcred gas from the outside of the 
detection chamber cannot interfere with the gas pulse entering the detection chamber. The 
lasei beam ports can be equipped with a choice of diaphragms with different sizes and/or 
shapes, or with a stray light trap with one or two light skimmers when there is a need for 
suppressing stray light, e.g. in the case of laser induced fluorescence measurements. The 
skimmer and the opening at the back are centered on the molecular beam axis, while the 
centers of the laser beam ports define the laser beam axis. 
At the heart of the detection chamber the mutually perpendicular molecular beam axis, 
TOF tube axis, and laser beam axis cross each other at a distance of (100 ± 2) mm from the 
nozzle. The crossing point defines the ion source of the mass spectrometer, and is exactly 
halfway between the lower two electrodes, where the molecules in the beam interact with 
the incoming laser light (indicated by the small circle in figure 2.1). 
The Wiley-McLaren type linear time-of-flight mass spectrometer can roughly be divided 
into the ion acceleration region, the drift region including the ion deflection region, and 
the ion detection assembly. The attainable mass resolution of this type of spectrometer 
strongly depends on the homogeneity of the electric fields in the ion acceleration region. 
Here, the fields in this region are defined by three stainless steel circular electrodes, each 
(10.00 ± 0.02) mm apart. These 52 mm diameter electrodes have a 15 mm diameter 
honeycomb mesh in the center that is formed by direct cutting of the stainless steel plate 
with a CO2 laser. The transparency of the mesh is limited by this cutting technique to 
75%, but these electrodes have the important advantage that they are very flat resulting 
in well-defined homogeneous electric fields between them. 
For many spectroscopic measurements it is important to be performed in an electric 
field that is as close as possible to zero. The need to accurately control the electric field 
conditions in the ion source resulted in some additional construction details. The repeller 
and extractor are gold plated to ensure a clean surface with a high work function, and these 
electrodes are separated by gold plated metal spacers with small hidden insulators. In this 
way stray fields caused by surface charge that accumulates on the insulators is minimized. 
The insulators are positioned in the plane set up by the molecular and laser beam axes, 
thereby causing the electric field to be symmetric with respect to this plane. 
Ions produced by laser photons in the ionisation region are accelerated towards the drift 
region that starts at the third electrode. In the first part of the drift region the ions pass 
between two additional electrodes that can be used to apply a small transverse electric 
field in order to compensate for the velocity component of the ions in the direction of the 
molecular beam. These gold plated deflection plates are 48 mm long and 22 mm apart. The 
deflection region is closed off with an additional grid at ground potential to ensure that the 
grounded drift tube is free of electric fields. The drift region has a total length of at least 
fiO cm (normally only a 60 cm or a 150 cm long drift tube is used). The drift region ends 
at a grounded grid that shields for the field caused by the front plate of the ion detector. 
After passing through this grid, ions are accelerated towards the negative biased front plate 
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of a dual inicroehannel plate (MCP) detector (R.M. Jordan Co., 17.8 mm diameter active 
surface). The detector assembly has been upgraded with an ion reflector by adding two 
more grids between the grounded grid marking the end of the drift region and the front of 
the MCP (see figure 2.1). The three grids are 10.0 mm apart and have a 82 % transmission. 
By applying a high voltage to the middle grid \vith the outer grids at ground potential, 
the ions with a kinetic energy below the potential energy barrier are reflected, while all 
other ions pass through. This high pass kinetic energy filter is of crucial importance in the 
ΜΑΤΙ measurements described in chapter 5 of this thesis. The experimental configuration 
to enable the ΜΑΤΙ measurements is described in that chapter. In all other experiments, 
the three grids arc grounded. 
The high voltages for the repeller and extractor plates, for the ion reflector grid, as well 
as for biasing the two microchannel plates, and the voltages for the deflection plates are all 
supplied by one power supply unit (R.M. Jordan Co., TOF power supply). The repeller, 
extractor, and reflector voltages can independently be set, between 0 and + 4.5 kV. The 
described construction of the spacers with hidden insulators does not allow a potential 
difference larger than 2 kV between the repeller and extractor. The MCP bias voltage can 
be set between 0 and - 2.2 kV, with a preset ratio for the voltages on the different MCP 
surfaces. At the maximum bias voltage the gain of the dual MCP detector is « 106. The 
deflection voltages can independently be set between - 300 V and + 300 V. These voltages 
are always set symmetrically around 0 V to ensure that the electric potential on the axis 
of the drift tube is always 0 V. 
In addition to these static (high) voltages, the voltage on one of the electrodes can be 
pulsed. This is important for several applications, e.g. if one wants to probe the molecular 
beam in electric field free conditions. In that case the repeller and extractor are initially on 
the same high voltage, and the ion extraction field is switched on with a certain time-delay 
relative to the probe laser pulse. It is also possible to accurately set the voltage difference 
between repeller and extractor before arrival of the high voltage pulse between - 5.0 V 
and + 5.0 V, a feature that is important in the ΜΑΤΙ measurements. The high voltage 
puiser can also be connected to the ion reflector grid at the end of the drift tube to use 
this reflector as a time-dependent, and thereby mass-dependent, ion reflector. The voltage 
puiser (R.M. Jordan Co., Remote puiser) delivers a pulse with a characteristic rise time of 
10 ns and an amplitude that can be set between - 400 V and + 400 V. Pulse duration and 
time-delay after triggering can be set and the puiser can be biased with one of the outputs 
of the high voltage supply unit. 
Detection of sample molecules in the beam can also be done by collecting the laser 
induced fluorescence (LIF) of the molecules in the laser interaction region indicated in 
figure 2.1. For this a fluorescence collecting lens with a large acceptance angle is mounted 
in the bottom part of the detection chamber. This collimating lens is the first component 
of a LIF imaging unit that directs the fluorescence coming through the mesh in the repeller 
plate via a window onto a photo-multiplier tube (PMT) that is mounted on the outside of 
the main vacuum chamber. No measurements employing the LIF imaging unit are reported 
in this thesis. 
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2.4 Photo-ionisation 
Ionisation of the sample molecules in the laser desorption jet cooling mass spectrometer 
is always performed with pulsed light sources. This section will describe the light sources 
available for photo-ionisation and will give some experimental results. 
2.4.1 Non-selective (non-resonant) photo-ionisation 
For non-selective, non-resonant photo-ionisation of sample molecules an excimer laser 
(Lambda Physik, EMG 100) is used in most cases. This laser can produce pulsed ra­
diation in several wavelength regions, from the infrared (IR) to the vacuum-ultraviolet 
(VI!V), depending on the gas mixture used as active medium. In our laboratory this laser 
is only being run on fluorine containing gas mixtures, i.e. on KrF, ArF, or F 2, which yields 
248 nm, 193 nm, or 158 nm radiation, respectively. Some specifications of the laser are 
listed in table 2.2. A horizontal sheet is conveniently cut out of the 25 mm wide χ 10 mm 
high beam profile of the excimer laser by a slit-diaphragm, yielding a large probe volume 
without sacrificing the mass resolution when it is coupled into the TOF spectrometer. The 
excimer laser does not have an internal fan to promote the circulation of the gas mixture. 
The repetition rate of this laser is therefore in practice limited to 5 Hz. At higher repetition 
rates the average pulse energy will decrease dramatically. 
The use of the excimer laser on F 2 (158 nm) turned out to provide a very convenient 
ionisation source for the investigation of fullerene samples. This is due to the fact that all 
stable fullerene molecules have an ionisation potential {IP) < 7.61 eV [18, 19], allowing 
single-photon ionisation (SPI) of these molecules with the 7.87 cV F2-laser photons. In 
addition to the advantages associated with SPI, running the excimer laser on F 2 has the 
advantage of a short light pulse duration compared to the duration of an ArF- or KrF-
laser pulse, which will improve the time resolution in the TOF-spectrometer. When the 
excimer laser is being used on F 2 the laser beam path between the outcoupling mirror of 
the laser cavity and the entrance window of the vacuum chamber has to be evacuated to 
avoid absorption of the VUV laser light by molecular oxygen. 
Table 2.2: Some characteristics of the broadband excimer laser (Lambda Physik, EMG 100), 
when it is used with KrF, ArF, or F2 as active medium. 
active medium 
KrF 
ArF 
F2 
wavelength 
248 η m 
193 nm 
158 nm 
photon energy 
4.99 eV 
6.41 eV 
7.87 eV 
pulse energy 
ss 250 mJ 
и 150 mJ 
и 1 mJ 
pulse duration 
16 ns 
14 ns 
6 ns 
As an example, the mass spectrum of a fullerene mixture recorded with the F2-lascr 
is shown in figure 2.8. The fullerene mixture is obtained from a toluene extraction of the 
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soot produced in an arc-discharge between carbon rods [20], and is deposited on top of a 
stainless steel sample bar Each pulse of the frequency-doubled Nd YAG-Іаьег desorbs a 
part of the fullerene mixture which is then entrained in an expansion of 2 bar Kr and mass 
analysed in the TOF spectrometer Each desorption pulse thus results in a mass spectrum 
that contains information on all masses present in the sample The spectrum shown in the 
left panel of figure 2 8 is acquired by accumulating 1000 of those single shot mass spectra 
in order to improve the statistics. The TOF spectrometer has been used with the 150 cm 
drift tube and a 4060 V total extraction voltage 
I 
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Figure 2.8: Left panel laser-desorption TOF mass spectrum of a fullerene mixture that is 
recorded via single-photon ionisation with the F2 excimer laser, using a 150 cm long drift tube 
Part of the spectrum is enlarged in the upper trace Various stable fullerenes are visible with 
relative intensities that are in good agreement with their original abundance in the mixture 
Right panel detail of the Ceo-peak in panel A Various 13C substituted Cr,o species are clearly 
resolved Their relative intensities match well to a binomial distribution based on a 1 1 % 
natural abundance of 13C The mass resolution R inferred from the spectrum is R = M/AM = 
1190±50 
The mass spectrum in panel A shows a large Ceo-peak at 720 Da and a CVo-pcak at 
840 Da with an intensity of 17 % relative to the Coo-peak Also some larger fullerenes — 
primarily C76, C78, and C^ — are present and can be seen in the enlarged part of the 
mass spectrum in the upper trace of panel A Their intensities are on the percent level 
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of the Сбо-рсак. This mass spectrum is characteristic for a toluene extract of carbon arc 
produced soot. The abundance of the various stable fullerenes as deduced from the SPI 
mass spectrum is in good agreement with the abundance of the fullerenes as determined 
from HPLC and 1 3C NMR measurements. No fragmentation of the fullerenes occurs under 
the present ionisation conditions. In addition, 'tailing' of the mass-peaks due to delayed 
ionisation [21, 22] is avoided. 
The mass resolution can be judged from panel В that shows the Cco-peak in detail. The 
isotopes of C6o resulting from the 1.1 % natural abundance of
 1 3C are resolved. The isotopes 
12Ceoj 1 3 C 1 2 C 5 9 , 13C212C58, and 1 3 С 3 1 2 С 5 7 can be distinguished with relative intensities of 
1.00 : 0.61 : 0.23 : 0.04, respectively. This is well in accordance with the expected binomial 
distribution of 13C-atoms in a total of 60 C-atoms. The signal seen between 724 and 730 Da 
is not caused by real ion peaks but is electronic in nature and is probably the result of 
the excitation of a resonance in the detection system, caused by the arrival of the sharply 
peaked Cßo ion peak. The mass resolution obtained from the spectrum in figure 2.8 is 
R = 1190 ±50. 
For an accurate determination of the relative abundance of the different isotopes in one 
ion peak, the integrated peak intensities should be compared, rather then the peak heights. 
This is especially true if the peak width and the sampling time interval are of comparable 
magnitude. For the mass spectrum in figure 2.8 the peak widths are getting as small as 
20 ns while the sampling time interval is 10 ns, causing the peaks to be sampled either in 
one or in two sampling points. 
2.4.2 Resonance-enhanced multiphoton ionisation 
For resonance-enhanced multiphoton ionisation (REMPI) of sample molecules most often 
a tunable pulsed dye-laser with a bandwidth of 0.07 cm -1 (Spectra-Physics, PDL-3) has 
been used for the resonant excitation of sample molecules to the energy levels of interest. 
This laser is pumped by either the frequency-doubled or the frequency-tripled beam of a 
Nd:YAG-laser (Spectra-Physics, GCR-150, 10 Hz). Light in the UV part of the spectrum 
can be produced by second harmonic generation of the dye-laser output in a nonlinear 
crystal. For this a set of KDP crystals with accompanying dielectric mirrors is available 
that allow generation of frequency-doubled light in the wavelength region from 440 nm 
to 270 nm (Spectra-Physics, WEX-2B). The crystals are angle-tuned, which can be done 
automatically in a feedback control loop using a split UV photo-detector. When pumped 
with 350 mJ of 532 nm light, the dye-laser delivers typically 50 mJ of tunable radiation 
in the wavelength region between 820 nm and 550 nm. Upon frequency-doubling in the 
WEX «5 mJ tunable UV with a 0.15 cm -1 bandwidth is obtained. When pumped with 
150 m J of 355 nm light, the dye-laser delivers typically 20 m J of tunable radiation in the 
wavelength region between 500 nm and 420 nm. This light can be frequency-doubled to 
yield «2 mJ of tunable UV. 
In analytical chemistry the analysis of the fragmentation pattern of a parent ion peak 
is an important tool for the determination of the structure of the corresponding molecule. 
Different isomers can be distinguished and identified on the basis of their fragmentation 
pattern. One of the advantages of the application of multiphoton ionisation (MPI) in a mass 
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F i g u r e 2.9: Laser fluerice controlled fragmentation of laser-desorbed jet-cooled DPA. Upper 
panel: 2-colour (1+1')-REMPI with low-fluence excitation leading to 'soft ionisation' without 
fragmentation. Middle panel: 1-colour (1+1)-REMPI with the full, unfocussed, dye-laser 
output leading to 'partial hard ionisation' with moderate fragmentation. Lower panel: non-
resonant MPI with a focussed frequency-tripled Nd:YAG-laser (355 nm) resulting in 'very hard 
ionisation' with severe fragmentation of the DPA parent ions. 
spectrometer is that the degree of fragmentation can be well controlled [23, 24, 25, 7, 26]. 
This is accomplished by selecting a proper ionisation scheme and by varying the intensity 
of the laser(s) involved. This is demonstrated for DPA in figure 2.9. In the measurements 
shown in the three panels, DPA is desorbed from a piece of charcoal with a pulse of a 
frequency-doubled Nd:YAG-laser into an expansion of 2 bar Ar. 
The mass spectrum in the upper panel is recorded after performing ionisation via a 
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2-colour (1+1')-REMPI scheme (scheme D in figure 1.1). Resonant excitation of DPA on 
the origin of the Si <— So transition at 32461.7 cm - 1 is performed with a laser fluence 
of 0.3 MW/cm2 and subsequent ionisation with 355 nm (frequency tripled Nd:YAG laser 
pulse) is performed with a laser fluence of 10 MW/cm2. These conditions lead to 'soft 
ionisation' with hardly any fragmentation of the DPA parent ions, as can be seen from the 
spectrum. The measurement shown in the middle panel is performed via 1-colour (1+1)-
REMPI (scheme С in figure 1.1). Now, resonant excitation of DPA on the same Si «— S0 
transition as well as subsequent ionisation is performed with the full, though unfocussed, 
output of the frequency-doubled PDL-3 dye-laser amounting to a fluence of 25 MW/cm2. 
This results in 'partial hard ionisation' with moderate fragmentation of the DPA parent 
ions. 
The use of still higher laser fluences will eventually result in a complete decomposition 
of the parent molecule in its constituting elements. The mass spectrum in the lower 
panel is recorded while performing ionisation with the focussed beam of a frequency-tripled 
Nd:YAG-laser, giving an estimated fluence of at least 109 W/cm2. This results in 'very hard 
ionisation' with severe fragmentation: mostly single C+-ions are present as well as some 
Call^-fragments (ί=0-5), while DPA parent ions are completely absent. The ionisation 
efficiency in this last measurement is rather poor because no resonant energy levels are 
involved in the ionisation of the parent molecule with 355 nm photons and at least three 
photons are needed for ionisation of DPA. The above results can be explained by the 'ladder 
switching' model, described by Dietz et al. in 1980 [27]. This model describes the feature 
of MPI that, with increasing photon density, additional photons will first fragment the 
parent ion, then ionize the fragments, and subsequently cause further fragmentation and 
ionisation of ever smaller pieces. 
In figure 2.10 the fragmentation pattern of DPA from the middle panel of figure 2.9 
is compared to the fragmentation pattern of DPA that is ionized via electron impact (EI) 
ionisation with a standard electron energy of 70 eV (upper stick spectrum) [28]. The two 
spectra are scaled to have equal intensity on the mass of the parent ion. Despite the 
completely different ionisation mechanisms, the resulting spectra are strikingly similar, the 
only significant difference being the appearance of three extra groups of fragment ion peaks 
in the El-spectrum around mass 58.5, 71.5, and 83.5. These peaks are due to doubly ionized 
fragments that are quite commonly observed in El-spectra, but that are very unlikely to 
appear in multiphoton ionisation spectra because of the 'ladder-switching mechanism' that 
applies in the latter case. In both spectra the most abundant singly ionized fragment 
is of mass 168, due to the loss of a Η-atom, with mass 167 (loss of 2 Η-atoms) also 
having appreciable intensity. There is a pronounced peak at mass 77 resulting from the 
phenyl-ion. The pattern of fragments at lower masses (including mass 66) resembles the 
fragmentation pattern of aniline C6II5NH2 [29]. More interesting, though less abundant, 
are the groups of fragment peaks at masses higher than 93 Da, which must be due to 
rearrangement mechanisms in the excited parent ion. The fragments at mass 142 and 141 
for instance, can be explained by a rearrangement where neutral HCN is ejected from the 
parent ion [28, 30]. 
In the analysis of a fragmentation pattern, isotope substitution is an important tool for 
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F i g u r e 2.10: Comparison between the fragmentation spectrum of DPA that is ionized with 
308 nm photons via 1-colour (1+1)-REMPI (lower spectrum) and that of DPA ionized via 
conventional electron impact (El) ionisation (upper spectrum [28]). 
the assignment of fragment ion peaks and thus for the identification of the parent ion peak. 
Labeling a certain part of a molecule with for instance a 13C-atom or a D-atoin can clarify 
the origin of fragment ion peaks. In cases where molecules with natural isotope abun­
dance are measured, the samples will contain more than one isotopoiner, which will result 
in quite complex mass spectra. One of the important features of the REMPI-technique 
is its species selectivity, which enables selective detection of a specific molecule in mixed 
samples. Transitions in different 13C-isotopomers or in deuterated species differ typically 
a few wavenumbers in energy, which is sufficient to selectively ionize a certain îsotopomer 
(see for instance chapter 4, section 4.3.1). Application of the REMPI-technique on iso-
tope substituted samples can therefore considerably simplify the analysis of fragmentation 
spectra and elucidate the fragmentation dynamics of polyatomic molecules. 
2.4.3 Generation of tunable vacuum-ultraviolet radiation 
The use of single-photon ionisation (SPI) can have certain advantages for the mass spcc-
trometric analysis of mixed samples, as already has been pointed out in the introduction 
(chapter 1). In addition, spectroscopic considerations might exist that call for the use of 
VUV-photons instead of (multiple) UV-photons for ionisation. An important example is 
the determination of an ionisation onset or the spectroscopic investigation of high Rydberg 
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levels of a molecule that has no suitable intermediate levels allowing double-resonance ex­
periments. This is quite often the case, especially for large molecules that exhibit rapid 
inter system crossing (ISC) into dark states and/or rapid intra-molecular vibrational re­
laxation (IVR) of excited levels. For these molecules the selective preparation of a single 
intermediate quantum state is very difficult and high Rydberg levels or ionisation onsets 
must be probed directly with tunable VUV-photons. Buckminsterfullerene, Ceo, is an ex­
ample of such a molecule. Considerable effort has already been put in the determination 
of the ionisation potential (IP) of Сво- The currently adopted value of 7.61 eV originates 
from charge exchange bracketing experiments [18, 19], but a more accurate value could 
be obtained from a spectroscopic determination, which would involve the generation of 
tunable VUV radiation around 163 nm. 
Coherent tunable narrow-bandwidth VUV radiation can be generated by frequency mix­
ing in gasses or vapours, for which numerous schemes are reported in the literature [31]. 
One of the most favourable methods that combines a large tuning range with a reason­
able conversion efficiency is 'resonance-enhanced sum/difference frequency mixing'. The 
principle of this method is outlined in the inset in figure 2.11. It is not within the scope 
of this thesis to give a full description of the method, and up until now only a first and 
preliminary version of the VUV generation set-up has been realized. 
The method is based upon four-wave mixing in a gas or vapour, where mostly rare gasses 
(Xe, Kr, Ar, and Ne) are used as nonlinear media. Non-resonant conversion efficiencies, 
that are typically 1СГ6, are greatly enhanced by tuning the sum frequency 2щ to a two-
photon resonance in the medium, resulting in a conversion efficiency of IO - 4 or higher [32]. 
The resonant two-photon transition can be any optically allowed transition in the medium. 
It follows from energy conservation that the frequency of the VUV radiation is given by 
vviiv — 2*Л ± ^2· This frequency can be tuned by tuning the frequency v2- By selecting 
the medium, the two-photon resonance, and the appropriate dyes and doubling crystals, it 
is in principle possible to cover the entire wavelength range from 120 to 200 nm [33]. 
Due to the low efficiency and the nonlinearity of the four-wave mixing process, the 
frequencies v\ and ν·
λ
 must be provided by tightly focusscd high power lasers to achieve 
the specified conversion efficiency. The power Pvuv of the VUV radiation is given by 
Pvuv oc PfP2N2x2F where P\ and P¿ are the powers of the resonant and tunable radia-
tion, respectively, N is the number density of atoms with a third-order nonlinear suscep-
tibility χ, and F is a dimensionless phase-matching function that depends on the wave 
vector mismatch, the exact laser beam parameters, and the focussing conditions [33]. Al­
though this dependence is not easily formulated in one general mathematical expression, 
the product N2 • F usually has a maximum for a certain value of the density N of the 
nonlinear medium [33]. The VUV output, therefore, can be maximized by optimizing the 
gas pressure. 
A scheme of the experimental set-up for the generation of VUV radiation around 163 nrn 
is shown in figure 2.11. In this set-up, Xe (ground configuration: 5s25p6) has been used as 
the conversion medium, where the frequency Ivy has been tuned to either one of the follow­
ing two-photon resonances: 5p-6p[5/2]2 at 78120.303 cm - 1 (two 256.015 nm photons), 5p-
6p[3/2]2 at 79212.970 cm - 1 (two 252.484 nm photons), or 5p-6p[l/2]0 at 80119.474 cm"1 
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F i g u r e 2.11: Scheme of the experimental set-up for the generation of tunable VUV radiation 
around 163 nm by 'resonance-enhanced sum/difference frequency mixing in Xe The four-wave 
mixing method is outlined in the inset 
(two 249 627 nm photons) The corresponding one-photon wavelengths can all be produced 
bj frequency-doubling the output of a pulsed tunable dye-laser (Spectra-Physics, PDL-2) 
that is operated on Coumann 500 dye, in a BBO-crystal The dye-laser is pumped with 
155 mj of 355 nm radiation from a frequency-tripled Nd YAG-laser (Spectra-Physics, GCR-
150), which yields «30 mJ of 500 nm radiation, and subsequently «2 5 mJ of frequency-
doubled light The horizontal polarization of the 250 nm light is turned to vertical with the 
aid of two high energy dielectric mirrors for 248 nm (Laseroptik GmbH, 45° KrF excimer 
laser mirrors), that are transparent for other wavelength regions, which will also get rid of 
the fundamental 500 nm light When 1v\ is tuned exactly in resonance with the two-photon 
transition in the medium, the Xe atoms are efficiently ionized and will not contribute to 
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the VUV generation. In practice, the frequency 2v-¡ has to be tuned slightly off-rcsonancc 
for optimum VUV generation and separate calibration is needed to accurately know this 
frequency. 
The frequency v-i is generated with a second pulsed tunable dve-laser (Spectra-Physics, 
PDL-3) that is operated on a red dye, and that is pumped with 120 m,I of 532 nm radiation 
from the same Nd:YAG-laser, resulting in ~25 mJ of visible radiation. Operation of the 
PDL-3 on Fluorescein 548 (F27), Rhodamine 590 (Rh.GG) and Rhodamine 610 (Rh.B) 
dyes, in combination with the use of the Xe 2-photon resonances mentioned above, will 
yield a tuning range for the VUV radiation between 59640 and 63480 cm -1 , i.e. from 
7.39 to 7.87 eV or from 167.7 to 157.5 nm. The unseeded Nd:YAG-laser has a tempoial 
profile that consists of a bunch of (picosecond time-scale) spikes within the 5 ns total pulse 
duration, and this profile is partially conserved in the dye-laser output. The peak intensity 
in the spikes can be very high. Pumping both dye-lasers with the same Nd.YAG-laser pulse 
yields identical temporal profiles that can be exactly overlapped in time by shifting the 
delay line prism. In this way the high peak intensities are explicitly and most efficiently 
used in the VUV generation. The two light pulses are spatially overlapped on the second 
248 nm mirror that is transparent for visible light. 
The 'VUV generation unit' consists of two chambers and is mounted directly to one of 
the sides of the spectrometer. The two overlapping light pulses are focussed with a 150 mm 
lens in the first chamber, that is filled with typically 25 mbar Xe. This chamber contains 
two electrodes that can be used to monitor the electric current caused by REMPI of Xe 
while tuning the frequency 1ν
λ
 to a 2-photon resonance. In the second chamber, the VUV 
radiation is separated from the U V and visible radiation by means of a set of four dielectric 
mirrors that are coated to have 95 % reflectivity for 158 nm radiation with a bandwidth of 
16 nm FWHM (Laseroptik GmbH, 45" F 2 excimer laser mirrors) while being transparent for 
other wavelength regions. The exact wavelength for which the reflectivity has an optimum 
depends on the angle of incidence. The four mirrors are mounted in parallel pairs on two 
disks that rotate together, always over the same angle, but in opposite directions. In this 
way the optimum reflectivity can be tuned to the VUV wavelength of interest by tuning the 
angle of incidence. This construction has the advantage that the angle of incidence will be 
the same on all four mirrors, and that the alignment of the VUV radiation on the molecular 
beam will not change while optimizing the angle of incidence. The two chambers can be 
separated from each other by a CaF2 or LiF window, in which case the second chamber is 
evacuated. The VUV radiation is coupled into the source chamber of the spectrometer via 
a 200 mm CaF2 lens that focusses the VUV radiation in the molecular beam. Alignment 
of the VUV focus on the molecular beam is accomplished by moving the CaF2 lens in a 
plane perpendicular to the VUV beam. A solar blind photo-multiplier tube (Thorn Emi, 
9413B), that is mounted on the opposite side of the spectrometer, is used to monitor the 
VUV radiation present in the spectrometer. 
Spectroscopic investigations of CGO utilizing the VUV generation unit have not been 
succesful so far due to problems with the production of a cold pulsed beam of Сьо· The 
spectroscopic capability of the VUV set-up in the wavelength region around 163 nm has 
been convincingly demonstrated, however, by measuring the first ionisation onset of aniline 
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F i g u r e 2.12: Photo-ionisation efficiency (PIE) spectrum of the first ionisation onset of 
aniline that is measured with tunable VUV radiation around 161 nm. The ionisation potential 
IP of aniline, as it is inferred from this spectrum, lies at (62270±3) c m - 1 . 
CfillsNH^. The resulting photo-ionisation efficiency (PIE) spectrum is shown in figure 2.12. 
In this measurement aniline is seeded in an expansion of 1.2 bar Ar. The VUV generation 
chamber is filled with 25 inbar Xe and the frequency 2щ is set in (near) resonance with 
the Gp[l/2]o transition by producing 249.6 nm photons with the PDL-2 dye-laser. The 
VUV radiation is scanned in frequency between 62245 and 62295 cm - 1 by generating light 
around 560 nm in Rhodamine 590 dye with the PDL-3 dye-laser and scanning the frequency 
ν·ι between 17875 and 17825 cm - 1 . Aniline ions are produced between the repeller and 
extractor plates of the TOF mass spectrometer in a zero-applied electric field. The ions 
are extracted into the mass spectrometer by a pulsed electric field that is applied 2 μα after 
the arrival of the VUV pulse. Aniline ions (93 Da) are detected on the MCP detector at 
the end of the drift tube. 
In laser-spectroscopic measurements of ionisation thresholds, the value of the IP is 
best taken from the point where the ion yield starts to level of, rather than at the on­
set. In our experiment the latter is mainly due to field-ionized long-lived (i.e. high n) 
Rydberg slates (see also chapter 6). The ionisation potential of aniline, inferred from the 
figure, is IP = (62270 ± 3) cm - 1 , which is in good agreement with the literature value of 
(62271 ± 2) cm - 1 [34]. The accuracy of this value is mainly limited by its determination 
from the PIE spectrum. 
2.5 Signal processing, data acquisition, and experiment control 
The electronic detection and control system that is used for processing of the signals, 
acquisition of' the data, and control of the experiment, will be described in this section. 
The outline of the system is sketched in figure 2.13. 
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F igure 2.13: Outline of the system for signal processing, data acquisition and experiment 
control Signals generated by the spectrometer are being sampled by the digital oscilloscope 
Oscilloscope, trigger generator, and PC communicate via a GPIB interface The PC controls 
the trigger generator and the wavelength setting of the PDL-3 dye-laser Since the flash of 
the lamp that pumps the desorption laser is the first event in a measurement cycle, it is used 
as a master trigger for the experiment 
Experiments are being set up and controlled within an application programme that 
runs on a personal computer (80486 DX-33, 8 Mb RAM, 130 + 250 Mb harddisk) that 
is equipped with a GPIB interface board (National Instruments, GPID-PC2, 400 kb/s 
data transfer rate) The PC communicates via this 'general purpose interface bus (GPIB)' 
according to the 'IEEE-488 2 protocol' with a digital sampling os( llloscope and two digital 
delay/pulsc-generators, and via the serial RS-232 port with the motor сontrol interface 
of the grating of the PDL-3 dye-laser The four-channel digital delav/pulse-gencrators 
(Stanford Research Systems, DG535) are being used to trigger the various components of 
the experimental set-up The amplitude, bias, sign and output impedance of the trigger 
pulse can be set for each channel independently The timing of the channels can be defined 
m relation to each other with sub-nanosecond precision With the motor control interface 
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of the dye-laser grating (Spectra-Physics, MCI-2), either stepped or continuous wavelength 
scans can be made over a preset wavelength interval, using a preset stepsize and/or speed. 
The scans are linear in wavelength and are always performed in the step-mode in the pulsed 
experiments described in this thesis. 
All signals generated by the experiment are being sampled by the two-channel digi­
tal oscilloscope with 10 bit A/D-convertors and a 10 ns minimum sampling time-interval 
(LeCroy 9430). For each channel the oscilloscope has an internal memory of 50 к words, 
i.e. 100 kbyte, to contain 5 · 104 sample points of 10 bit. As a consequence, signals can 
be sampled with a 10 ns time resolution for a total time up to 500 /xs, which is always 
sufficient to record one complete mass spectrum. The large dynamic range of 1024 (10 bit), 
four times larger than that of a 'standard' 8 bit sampling oscilloscope, has advantages for 
the signal-to-noise (S/N) ratio that can be achieved in one measurement cycle. Depending 
on the experiment that is being performed, signals can be preprocessed before transfer of 
the data to the PC. This preprocessing includes summed or continuous averaging of the 
signal and mathematical manipulation of a (combination of) signal (s). The oscilloscope 
has a 16 bit deep memory, allowing for internal accumulation of the signal over a preset 
number of measurement cycles. 
The signals can be generated by various sources. Both the MCP and the PMT give 
current signals. A current to \'oltage amplifier (Comlinear Corporation, Ε-series encased 
amplifier, gain of-10) is then used to convert the signal to voltage, which is then fed into the 
oscilloscope. In addition, the amplifier protects the oscilloscope input stage from accidental 
strong current peaks e.g. originating from a discharge. Signals can also be generated by 
photo-diode light detectors that are being used, for instance to simultaneously record an 
absorption spectrum with a part of the laser light for wavelength calibration or to monitor 
the (relative) laser pulse energy during the measurement. 
The application programme is written in С and developed with a software package (Na­
tional Instruments, LabWindows 2.ЗА) that includes a.o. an interactive developing envi­
ronment, a graphical user interface development programme, and easily accessible libraries 
for e.g. input/output functions, graphical functions, data acquisition, data manipulation, 
and mathematical analysis. It is not within the scope of this thesis to give a full descrip­
tion of the structure of the application programme and here, only the main features will 
be described. 
Intensities of mass peaks and of light pulses as well as background levels are measured 
by defining 'gates' that select the appropriate parts of the detected signals. The values of 
the data points inside a gate are summed and the sum is normalized for the gate-width. 
The values resulting from a maximum of eight gates can be combined in predefined ways 
to contain e.g. mass peak intensities that are corrected for background or laser-intensity 
or both. The determination of a cavity ring down time from a ring down transient, as 
described in section 3.3 of chapter 3, requires one gate selecting the decaying part of the 
transient and one gate selecting a part of the baseline. The programme can measure up to 
four of these combined signals simultaneously, as a function of one scanned parameter. 
Almost any experimental parameter can serve as the scan parameter in these mea­
surements. The variation of two important parameters can be explicitly controlled by the 
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application programme, i.e. wavelength and timing. The oscilloscope is being set up to 
acquire the signal of the TOF spectrometer and to accumulate it over a preset number of 
measurement cycles, whereafter the (averaged) data are being transferred to the PC and 
displayed on the screen. The data can be put on a mass scale, the resulting mass spectrum 
can be calibrated and analysed, and the data can be stored on disk and/or printed on 
paper. When doing optical spectroscopy, signals are measured as a function of the wave­
length of the dye-laser to obtain a wavelength spectrum, while a time scan is obtained by 
measuring signals as a function of a certain time-delay. The scan limits, the step size, and 
the number of measurement cycles per step are set in advance, as well as the position and 
width of the gates and the way(s) in which they have to be combined in order to obtain 
the desired signal(s). During the measurement the programme waits for the oscilloscope 
to finish the signal accumulation, it then tells the MCI-2 (RS-232) or DG535 (GPIB) to 
change the wavelength or the time-delay, reads the data from the oscilloscope, processes 
them and plots the signal value(s) on the screen. Then it waits for the MCI-2 to finish the 
wavelength stepping before telling the oscilloscope to start accumulating again. Setting 
the DG535 does not require a waiting pause. The resulting scans can be stored, analysed, 
manipulated and printed. Measurements as a function of some other parameter are ob­
tained in the same way except for the variation of the external parameter, which is now 
controlled manually and not by the programme. In this case the programme waits for the 
user to finish the parameter change before continuing the measurement. 
2.6 Conclusions 
A detailed description of the various components that make up the laser desorption jet 
cooling mass spectrometer has been given. The most important components are the pulsed 
lascr-desorption molecular beam source and the linear TOF mass spectrometer. The laser-
desorption molecular beam source has been characterized by studying the efficiency of 
entrainment and cooling of laser-desorbed DPA molecules in the expanding jet, i.e. by 
measuring the beam intensity of laser-desorbed jet-cooled DPA, as a function of several 
experimental parameters. 
The laser-desorption jet-cooling process critically depends on the desorption laser flu-
ence, on the distance between desorption substrate and molecular beam axis, on the carrier 
gas, and on the timing of the desorption laser in the carrier gas pulse. For the desorption 
of DPA out of charcoal the optimum desorption laser fluence is (8±2) MW/cm2, while 
the height of the desorption surface has an optimum just below the molecular beam axis 
(0.04 nozzle diameters) with a sharp distribution of only 0.3 nozzle diameters in width. 
Transport of laser-desorbed DPA in the 30 ps duration carrier gas pulse is best when Ar 
or Ne is used and additional cooling of the entrained molecules occurs only in a small part 
(w 13 μη) of the expanding gas pulse. 
In addition, speed distributions of laser-desorbed DPA molecules have been measured 
for various desorption times and carrier gasses. These measurements show that the velocity 
of the carrier gas atoms decreases over the temporal profile of the gas pulse, which can 
be explained by a decrease in the effective nozzle temperature during the gas pulse. This 
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puts an upper limit on the attainable speed distribution in a gas pulse from a valve that 
is operated with a current-loop mechanism. Due to the instantaneous injection of sample 
molecules in the gas pulse by the desorption laser very close to the nozzle, however, the 
relative speed distribution of laser-desorbed jet-cooled molecules can get as narrow as 5.0 % 
(FWHM). 
It is thus demonstrated that the laser-desorption jet-cooling technique offers the pos­
sibility of producing spatially well-defined pulses of sample molecules with a well-defined 
velocity that have in addition a low temperature which leaves them in a limited number 
of different quantum states. The technique is therefore expected to have a great potential 
in several applications, e.g. in collision experiments. 
Various photo-ionisation methods are used in the perpendicular Wiley-McLaren type 
linear TOF mass spectrometer to probe the content of the molecular beam. With a 150 cm 
long drift tube the mass resolution of the TOF spectrometer is 1190 ± 50 at m/q = 720. 
Non-selective non-resonant single-photon ionisation with a F2 excimer laser has been shown 
to be ideally suited for the analysis of fullerene samples and various multiphoton ionisation 
schemes have been used to demonstrate laser fluence controlled fragmentation of laser-
desorbed DPA. Further, the feasibility of resonance-enhanced sum/difference frequency 
mixing in Xe for the generation of tunable VUV radiation is demonstrated by measuring 
the ionisation potential of aniline. 
In all, the laser desorption jet cooling mass spectrometer has been shown to be a 
versatile apparatus that can be used both for mass-spectrometric sample analysis and for 
optical spectroscopic studies of involatile molecules. 
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3 
Measurement of the beam intensity in a 
laser desorption jet cooling mass spectrometer1 
Abstract 
In a laser desorption jet cooling molecular beam spectrometer the concentration of trans-
lationally and internally cooled laser-desorbed organic molecules that can be achieved is 
experimentally determined Sensitive direct absorption detection of laser-desorbed jet-
cooled diphenylamine (DPA) via cavity ring down (CRD) spectroscopy on the Si «— So 
transition around 308 nm is used to measure the line-integrated absolute absorption of the 
pulse of laser-desorbed DPA molecules The absolute cross-section for the various vibra-
tional bands of the electronic transition that is used, is determined in a separate two-colour 
ionisation experiment It is concluded that the optimum beam intensity that is obtained 
with laser-desorption is comparable to the beam intensity that is obtained m the same 
spectrometer by conventional seeding of the desired species at a partial pressure of 10 -4 
1
 adapted from M G H Boogaarts and G Meijer, J Chem Phys 103 (1995), 5269 
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3.1 Introduction 
Over the last decade laser-desorption techniques have been applied in more and more 
sophisticated set-ups for mass-spectrometric sample characterization [1, 2], and a variety 
of laser desorption mass spectrometers are nowadays commercially available. When the 
advantages of laser-desorption techniques are combined with the advantages of molecular 
beam techniques [3, 4], a versatile apparatus emerges that can be used both for mass-
spectrometric sample analysis and for optical spectroscopic studies of internally cooled 
organic molecules that are hard to bring in the gas-phase otherwise [5, 6, 7]. It has been 
demonstrated by various groups that the detection sensitivity of such a laser desorption 
jet cooling molecular beam spectrometer is such that femto-grams of material are sufficient 
for a mass-spectrometric analysis, and that mass-resolved wavelength spectra can already 
be recorded using pico-grams of material [8]. In many cases, however, the amount of 
material that is available for spectroscopic characterization is not limited to picograms, 
and one would therefore like to know what the optimum beam intensity is that one can 
reach following the laser-desorption approach. This beam intensity can then be compared 
to the typical beam intensities that one can reach when conventional seeding techniques 
are being used. 
Here we report on the measurement of the concentration of 'spectroscopic grade', i.e. 
translationally and internally cold, laser-desorbcd organic molecules that can be achieved 
in a laser desorption jet cooling mass spectrometer. For this, the line-integrated absolute 
absorption of a pulse of laser-desorbed diphenylamine (DPA) molecules is measured in the 
collision-free part of the jet-expansion via 'cavity ring down' (CRD) spectroscopy [9]. The 
absolute absorption cross-section of the transitions that are used in the CRD measure­
ments are determined in a separate two-colour two-photon ionisation experiment. From 
the combined results of both measurements the line-integrated number density of DPA at a 
known distance from the nozzle is accurately determined, and this result is then compared 
to the density that can be achieved in a conventional seeding experiment. DPA is used as 
a test-molecule in this study, but the obtained value for the line-integrated number density 
is expected to be more generally valid; the optimum beam intensity of internally cooled 
laser-desorbed molecules is rather molecule independent as it is mainly determined by the 
amount of laser-desorbed material that can be allowed in front of the nozzle without a 
collapse of the molecular beam. 
3.2 Experimental 
In figure 3.1 a scheme of the experimental set-up is given. Gas pulses arc released by a 
pulsed valve (R.M. Jordan Co.) with a 0.5 mm diameter nozzle opening. The valve operates 
with 2 bar of Ar backing pressure at a 10 Hz repetition frequency and releases gas pulses 
of typically 30 μβ (FWHM) duration. DPA, that has a vapour pressure of 4 · 10~4 mbar at 
room temperature, is deposited in a «1 mm3 piece of charcoal (activated carbon) that is 
positioned near the orifice of the pulsed jet expansion. The unfocussed frequency-doubled 
output of a Nd:YAG-laser (Spectra-Physics, GCR-11) is used for desorbing DPA from the 
charcoal matrix with ssl mJ of 532 nm in a 1 mm diameter spot (yielding an optimum laser 
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F i g u r e 3 . 1 : Scheme of the experimental set-up. A small portion of the laser beam that is 
used for REMPI of laser-desorbed jet-cooled DPA in the ionisation region is also used for the 
cavity ring down experiments that are performed closer to the nozzle. 
fluence of ss IO7 W/cm2) at the time that the peak intensity of the Ar carrier gas-pulse is 
above the desorption matrix. The piece of activated carbon can contain a large quantity of 
DPA and laser-desorption from charcoal yields a stable source of laser-desorbed jet-cooled 
DPA for many hours of operation [8, 10]. The laser-desorbed molecules are entrained 
in the Ar gas pulse and are internally cooled by multiple collisions with the carrier gas 
atoms. This cooling process can be as efficient as in conventional seeding experiments 
provided the desorption takes place very close to the nozzle (within 2 nozzle diameters), 
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and rotational temperatures down to 5 К have been demonstrated using this approach [8]. 
Accurate positioning of the desorption -substrate relative to the nozzle orifice as well as 
accurate alignment of the desorption laser spot along the molecular beam axis is needed 
for efficient entrainment and cooling of the laser-desorbed molecules in the jet. The pulse of 
laser-desorbed molecules travels along the molecular beam axis through the skimmer into 
the differentially pumped detection chamber. In the region between the nozzle and the 
skimmer the laser-desorbed molecules pass through an optical cavity in which the direct 
absorption measurements via cavity ring down (CRD) detection are performed. Л detailed 
description of the 'CRD detection unit' will be given in section 3.3. 
In the detection chamber the molecular beam enters the region between the extraction 
plates of a linear time-of-flight (TOF) set-up, where it is intersected perpendicularly with 
the counterpropagating beams of a pulsed tunable dye-laser and a broadband ArF (193 nm) 
excimer laser. Tunable pulsed radiation in the 305-310 nm range is obtained via frequency 
doubling the output of a dye-laser pumped by the second harmonic of a Nd:YAG-laser 
(Spectra-Physics, GCR-150/PDL-3/WEX combination). Typically up to 5 mJ of tunable 
radiation with a bandwidth of 0.15 cm ' is obtained. 
Di Phenyl-Amine (DPA) 
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"si exe / 
IP Z Z Z ¿ Z Z 
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F i g u r e 3.2: Schematic representation of the diphenylamine (DPA) molecule and of the 
excitation and ionisation schemes that are relevant for this study. The various parameters 
that are used in the theoretical modeling of the measured saturation curves are also indicated. 
As indicated schematically in figure 3.2, one-colour (1+1) resonance-enhanced multi-
photon ionisation (REMPI) can be performed on DPA using this dye-laser radiation. The 
ions produced in this process are mass-selectively detected in the Wiley-McLaren TOF 
set-up. At low laser fluence (< 1.0 mJ/cm2) the parent ion of DPA (mass 169) as well as 
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of its 13C-isotope are the only ions observed. With a flight path of 60 em a mass-resolution 
Μ/ΔΜ = 400 is obtained. The ion signal is detected by a dual MCP detector, amplified, 
and displayed on a digital oscilloscope with a 10 ns sampling time and a 10 bit \'ertical 
resolution (LeCroy 9430). The data from the oscilloscope are read into a PC via a GPIB 
interface where they are further manipulated and displayed. The PC also controls the scan­
ning of the dye-laser as well as the settings of the digital delay/pulsc-gencrators (Stanford 
Research Systems, DG535). 
Due to a rapid intersystem crossing' (ISC), the lifetime of the Si-state of DPA is rather 
short. By scanning the time-delay between the excitation laser and another Nd:YAG 
pumped ionisation laser in a two-colour (1+1')-REMPI scheme, we were not able to de­
termine an accurate value for the Si lifetime of DPA, and concluded on an upper limit 
of 5 ns [10]. In solution a value of 3 ns has been determined for the fluorescence lifetime 
of singlet excited DPA [11]. After intersystem crossing, the triplet states of DPA can be 
detected using an ArF excimer laser (193 nm; 6.41 eV) for (time-delayed) ionisation out of 
the triplet manifold. On the time-scale of the experiment, the DPA triplet states live forev­
er: the excited molecules are retained in the collection region of the mass spectrometer for 
a maximum duration of 10 fis, during which no decay of the triplet state could be observed. 
The phosphorescence lifetime of DPA in solution is determined as 0.50 s [11, 12], but a 
lifetime of 100 ns would already have been sufficient for the application of the two-colour 
ionisation scheme. Of more importance is the large quantum yield of 0.86 for intersystem 
crossing from the excited singlet state to the triplet state, as determined in the same stud­
ies [11, 12]. In the present study the ISC quantum yield can not be determined because 
the ionisation efficiency of triplet DPA for the ArF-laser wavelength is not known. 
In the upper part of figure 3.3 the simultaneously recorded one-colour (l-(-l)-REMPI 
spectrum and two-colour (1+1')-REMPI spectrum of laser-dcsorbed jet-cooled DPA mea­
sured on the mass of the parent ion, are shown. The spectra are measured under such 
conditions that saturation effects are unimportant. The ion signal is summed over 10 laser 
pulses and corrected for laser intensity fluctuations. Long progressions in two low-frequency 
(62.1 c m ' and 89.7 cm - 1) vibrational modes that involve the motion of the phenyl-rings 
with respect to the frame of the molecule, as well as their combination bands arc; observed 
in the spectra (see also chapter 4). In the two-colour REMPI spectrum the ArF ionisation 
laser is delayed 150 ns relative to the excitation laser, and ionisation is performed out of the 
triplet manifold after rapid intersystem crossing. It is noted that the ions produced via one-
colour (l-bl)-REMPI of the dye-laser and those produced via two-colour (l+r)-REMPI 
via the combination of the dye-laser and the excimer laser, can be measured simultane­
ously as both groups of DPA-ions arrive at the detector with a 150 ns time-separation. 
From the close agreement between the REMPI spectra measured via the two distinctly 
different pathways it is concluded that in the spectral region up to a few hundred cm - 1 
above the vibrationless level in the Si-state of DPA, the intersystem crossing rate is not 
vibrational-state dependent. 
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F i g u r e 3.3: Upper panel One colour (1+1)-REMPI spectrum and two-colour ( 1 + Γ ) -
REMPI spectrum of laser-desorbed jet-cooled DPA, simultaneously measured on the mass of 
the parent ion In the two-colour REMPI spectrum the ArF ionisation laser is delayed 150 ns 
relative to the excitation laser, and ionisation is performed out of the triplet manifold after 
rapid intersystem crossing Lower panel Cavity ring down absorption spectrum recorded at a 
distance of 11 mm from the nozzle under otherwise identical conditions 
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3.3 CRD detection of DPA 
The laser desorption jet cooling mass spectrometer can be equipped with a 'cavity ring 
down (CRD) detection unit' to perform sensitive direct absorption measurements on sample 
molecules in the molecular beam. The cavity ring down technique, first introduced in 1988 
by O'Keefe and Deacon [9], is based on the measurement of the rate of absorption of a 
light pulse confined in a closed optical cavity with a high Q-factor. The measurement is, 
therefore, independent of light source intensity fluctuations, as long as the spectral intensity 
distribution of the light stays constant from pulse to pulse. If a monochromatic light pulse 
at frequency ν is coupled into an otherwise empty cavity, the light intensity /CKD(0 inside 
the cavity is a single exponentially decaying function of time with a 1/e 'cavity ring down 
time' T(U) which is solely determined by the reflectivity R(v) of the cavity mirrors and the 
optical pathlength d between them. The presence of absorbing species in the ring down 
cavity can be deduced from a resulting decrease in the cavity ring down time. It follows, 
therefore, that in the more general case ICRD^) is proportional to: 
TcMt) oc / /(i/Je-WW (3.1) 
Jo 
where r(i/) is given by: 
с(|ИДМ)І + Σ, σ > ) |0d ВДаг) 
and the sum is over all light scattering and absorbing species with frequency dependent 
cross-sections а
г
(и) and a line-integrated number density J* N^xjdx [9, 13, 14]. 
Since its introduction, the virtues of the CRD technique have been explored by various 
research groups. The technique has been applied for the measurement of absolute oscillator 
strengths of weak transitions of stable molecules [13, 15, 16], for trace gas detection of 
molecules in ambient air and/or in hostile environments [17, 18, 14], and, as also reported 
here, for absorption measurements on molecules in pulsed molecular beams [19, 20]. 
In our set-up CRD spectroscopy is performed in the region between the nozzle and 
the skimmer. Here the laser-desorbed molecules pass between two identical plano-concave 
high reflective mirrors with a 25.4 mm diameter and a radius of curvature r = - 25 cm, 
that are 18 cm away from each other. In this way an optical cavity is formed in a stable 
configuration that has a quasi-continuous mode-spectrum due to lifting of the degeneracy 
of the longitudinal and transverse modes [17]. The mirrors have a dielectric coating with 
an optimum reflectivity around 308 nm (Lascroptik GmbH, Garbsen, Germany), and in 
the spectral region of interest for this study (305-310 nm) the mirrors have a reflectivity 
R > 99.6 %. The optical axis of the cavity intersects the molecular beam axis perpendic­
ularly at a distance from the nozzle that can be varied between 5 and 20 mm. This is the 
region of the beam where the density of supersonicallv cooled sample molecules is expected 
to be highest. Still smaller distances from the nozzle will probe the collision region of the 
jet where the adiabatic expansion and cooling will not yet be complete. 
A small fraction of the pulsed dye-laser beam that is used for resonant excitation and 
ionisation of DPA is split off after exiting the spectrometer, and is used again for the 
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measurement of the direct absorption of the laser-desorbcd jet-cooled DPA molecules in 
the CRD detection unit. This low energy light pulse (typically 1 μ3 of tunable radiation in 
a 2 mm diameter spot) re-enters the vacuum system on the same side as where the cavity 
ring down transient is detected i.e. opposite to the vacuum load lock, because all other sides 
of the main vacuum chamber are already occupied by other parts of the spectrometer. An 
again small fraction of this light (1 — R и IO-3) is coupled into the cavity through one 
of the high reflective mirrors, and the time dependence of the light intensity in the cavity 
is monitored via detection of the light that is leaking out through the other mirror with 
a photo-multiplier tube (PMT) that is mounted outside the vacuum. Using the same 
laser beam in the ionisation region and in the ring down cavity has the advantage that 
all experimental parameters can be optimized using the most sensitive detection scheme, 
i.e. the R.EMPI scheme. A similar combination of ionisation and CRD detection schemes 
has recently been applied by Saykally and co-workers in their study of copper suicides 
[20]. In switching from REMPI detection to CRD detection of DPA only the timing of the 
excitation laser relative to the desorption laser has to be changed, and this by an amount 
that can be accurately estimated. 
The PMT (most often a Thorn Emi, 9814B) is placed as close as possible behind 
the outcoupling mirror, to avoid selectivity in mode detection due to the difference in 
divergence of the various transverse modes [17]. For this reason the light first passes 
below the molecular beam axis and is then redirected by two small prisms to enter the 
cavity from the opposite side. For the same reason the outcoupling mirror is mounted 
close to the wall of the vacuum chamber causing the cavity design to be asymmetrical 
with respect to the nozzle. The molecular beam passes through the cavity 3.5 cm from 
the cavity centre. The optical axis of the cavity is defined by two diaphragms, one just 
before the entrance window, upon entering the vacuum chamber, and one just before the 
first mirror, upon entering the cavity. For the diaphragm inside the vacuum chamber a 
range of sizes is available. Normally a diameter between 1 and 2 mm is used. All parts 
of the CRD detection unit are mounted on one flange, making the unit modular. This 
has the additional advantage that all optical parts can be carefully aligned outside the 
spectrometer before mounting the unit in the vacuum chamber. 
In doing CRD measurements it is very important to reduce straylight. This can be 
readily understood if one realizes that the cavity mirrors arc transparent for all light colours 
but the one of interest, and that light of the 'right colour', scattered from some surface 
and reaching the detector via a different path, is easily more intense than the part of the 
decaying light pulse that is leaking through the outcoupling mirror. The PMT is therefore 
mounted on the CRD detection flange via a filter compartment that is optically isolated 
from the surroundings and that can contain (a combination of) optical filters to suppress 
stray light. Also the space between the outcoupling mirror and the vacuum exit window 
through which the CRD transient is detected is optically shielded and a part of the cavity 
can be covered by a black tube with an inner diameter that equals the mirror diameter. 
The ring down transient is displayed on the same digital oscilloscope, and averaged over 
typically 25 laser pulses. The averaged signal is read in by the PC and the characteristic 
ring down time is determined by fitting the natural logarithm of the data to a straight line, 
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using a weighed least squares fitting algorithm Note that it follows from equation 3 2 that 
the time-dependence of the light intensity inside the cavity is correctly described with a 
single exponentially decaying curve, provided the spectral width of the laser is narrower 
than the absorption feature of the species under study [14, 21] The detection sensitivity of 
a cavity ring down spectrometer strongly depends on the decay constant т(у) for the empty 
cavity, which in turn, for a fixed length d, is only determined by the reflectivity R{v) of 
the cavity mirrors The actual detection sensitivity therefore апеь with the mirror quality 
available for the application in question A high reflection coefficient leads to effectue 
multi-passing that constitutes a high detection efficiency Another factor important for the 
detection sensitivity is the accuracy to which т{ ) can be determined Ideally, the detector, 
signal sampler and data withdrawal algorithm are chosen as not to limit this accuracy 
In that case the accuracy mainly depends on the stability of the CRD spectrometer The 
time-constant that describes the decay of the empty cavity is in our set-up around 150 ns, 
corresponding to a mirror reflectivity R of around 99 6 % The exact value of the lifetime 
can be determined to an accuracy better than 0 2 ns (ι e 10_,i) implying a noise-equivalent 
absorption detection limit below 4 ppm per pass It is noted that in the description of the 
CRD experiment given here, it is assumed that the density of absorbing species is constant 
during the measurement time, which in our case amounts to approximately 500 ns 
In the upper part of figure 3 4 the time-of-flight distribution of laser-desorbed jet-cooled 
DPA in Ar as measured in the ionisation region via one-colour (1+1)-REMPI on the ongin 
of the Si «— So transition at 32461 7 cm - 1 is shown On the horizontal axis the time-delay 
of the excitation laser relative to the desorption laser is indicated As the distance between 
the nozzle and the centre of the ionisation region is 10 cm, the most probable velocity of the 
DPA molecules is (775 ± 25) m/s This is somewhat higher than the expected velocity of 
Ar expanding from a reservoir at room-temperature, implying that the actual temperature 
of the expanding gas is slightly above room-temperature m this kind of pulsed valve, an 
observation that has also been reported by others [22] (see also sections 2 2 3 and 2 2 4 
of chapter 2) It is noted that the width of the velocity distribution corresponds to a 
translational temperature of 2 0 K, and to a pulse length of laser-desorbed jet-cooled DPA 
in the ionisation region of 6 mm 
Under otherwise identical experimental conditions, the CRD-time has been measured 
as a function of the time-delay between the desorption laser and the dye-lasei, and is 
shown in the lower part of figure 3 4 I s the optical axis of the ring down cavity intersects 
the molecular beam axis 11 mm downstream from the nozzle the cloud of laser-desorbed 
jet-cooled DPA is expected to be in the cavity after approximately 14 μ-s, and exactly 
around this time a slight decrease in CRD-time is observed In figure 3 4 both time-of-
flight distributions are shown on a horizontal axis that is scaled relative to the distance of 
the measurement point to the desorption point, and there clearly is a good agieement The 
size of the laser beam in the cavity is on the order of 0 5 mm, whereas the 'length of the 
pulse of DPA is only slightly longer, so the relative width of the lower TOF distribution in 
figure 3 4 is expected to be larger than the one shown in the upper panel It is noted that 
with the cavity length as chosen, the total time interval during which the CRD transient 
is measured is matched well to the time that the pulse of DPA spends in the cavity 
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F i g u r e 3.4: Molecular beam time-of-flight distributions of neutral laser-desorbed jet-cooled 
DPA detected via (i) REMPI with parent ion detection at a distance of 10 cm from the nozzle 
(upper panel), and (ii) cavity ring down (CRD) absorption at a distance of 11 mm from the 
nozzle (lower panel). 
Attention is drawn to the vertical scale in the lower figure; a maximum decrease of 0.4 ns, 
corresponding to an absorption per pass of 11 ppm, is observed. 
From chapter 2 it is known that the laser-desorption jet-cooling technique yields a spa­
tially well-defined pulse of cold sample molecules with a very narrow velocity distribution. 
Since the CRD absorption measurement is performed 11 mm from the nozzle, i.e. well 
outside the expansion region of the jet, it is expected that the kinetic energy spread of the 
DPA molecules is small and that the majority of the molecules will reside in the vibration-
less level of the electronic ground state. The observed absorption of 11 ppm per pass is 
completely attributed to these cold molecules. 
With the time-delay between the dye-laser and the desorption laser fixed at the value 
where the largest decrease in CRD-time is observed, i.e. around 14 /ÍS, a wavelength scan is 
made with the dye-laser to unambiguously demonstrate that the observed decrease in CRD-
time is indeed the result of absorptions by laser-desorbed jet-cooled DPA. The absorption 
spectrum thus obtained is shown in the lower part of figure 3.3, and all peaks observed 
match well to the REMPI spectra displayed in the upper panel of the same figure. On 
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the strongest line the relative decrease in CRD-time is on the order of (4 ± 1) · IO - 3 . As 
the decay time of 153 ns for the 18 cm long empty cavity implies an effective mirror-
reflectivity R = 0.9961, it is concluded that the maximum line-integrated peak absorption 
σ(ν) JQ ΝΟΡΑ(Χ)(ΙΧ is (16±4) ppm per pass. The absorption values from the time-domain 
(figure 3.4), and frequency-domain (figure 3.3) measurements are in agreement, which 
excludes the presence of a continuous background absorption in the CRD-spectruni. From 
the width of the spectral lines it can therefore be concluded that the absorptions are due 
to cold molecules, as already stated above. 
3.4 Absolute cross-section measurements 
To be able to extract an absolute number density of DPA molecules from the measured 
direct absorption spectrum as shown in the lower panel of figure 3.3, the absolute value 
for the excitation cross-section of DPA needs to be known. This value can be determined 
by measuring the excitation efficiency on the various vibrational bands of the Si «— So 
transition of DPA as a function of a calibrated photon fluence, i.e. by measuring the 
saturation curve of the Si 4— So transition [23, 24, 25]. In principle, this can be done in a 
one-colour (1+1)-REMPI scheme where one expects a quadratic laser fluence dependence 
that changes into a linear one and eventually saturates with increasing laser fluence. It is 
important to measure the total ion intensity in this process, as for high laser fluences severe 
fragmentation of the parent ion will occur. The absorption cross-section can be determined 
more accurately in the time-delayed two-colour (1+1')-REMPI scheme in which ionisation 
is performed via the triplet manifold after intersystem crossing. In this latter scheme, the 
intensity of the ionisation laser can be kept fixed at a value where fragmentation does not 
yet occur, and the parent ion intensity is measured as a function of the calibrated fluence of 
the excitation laser. In addition, the excitation and ionisation processes are now separated 
in time, and (unwanted) coherence effects are largely avoided. The saturation curve will 
now simply change from linear to a saturated, laser fluence independent, behaviour when 
the excitation laser intensity is increased, as long as competing ionisation from the excited 
singlet state with the excitation laser can be neglected. 
In the rate-equation approach, which is applicable in this case as the lasers employed 
have a rather large bandwidth and the lifetime of the excited state of DPA is relatively 
short, the following set of differential equations has to be solved: 
CTexJexc 0 0 \ / TlS0(t) \ 
{VexJexc + k
s
t + Osihxc) 0 0 TlSì (t) . . 
kst 0 0 nri(t) " ( ' 
asiIexc 0 0 / \ n,s(t) I 
In these equations nso, % , пт\ a n Q l nis are the number densities of DPA molecules in the 
electronic ground state, in the excited singlet state, in the triplet manifold, and the number 
of ions produced via the excited singlet state using one-colour (1+1)-REMPI, respectively. 
The various cross-sections and excitation fluences together with the intersystem crossing 
rate k3t are indicated in figure 3.2. As prior to the excitation laser pulse all the population is 
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in (ho electronic ground state ( n
s o
( i = 0) = NDPA), the population in the triplet manifold 
(πτι) Άΐιά the number of ions produced in the one-colour (14 1)-REMPI scheme via the 
excited singlet state (nIS) at the end of the dye-laser pulse (at t = T) can be written as: 
η-π(Γ) kst 
Я. і "Γ (7
stIei X+-X. 
- ( 1 - e ^ ) - λ_ 
Α + - λ 
- ( 1 - е А * г ) 
/m\ &si*ere ,г
Г
\ 
nis {Τ) = —γ —Пт\{Т) , 
Kst 
NDPA (3.4) 
(3.5) 
where X+ are defined as: 
A± = &exc*exc * « \™st ' &si*cxc) ± \l (VexJexc)2 + Ы ^ г + < 7 « / « ·«)) 2 · ( 3 · 6 ) 
In the one-colour (1+1)-REMPI scheme the quantity ni<¡(T) is measured, whereas in the 
two-colour time-delayed (1+1')-REMPI detection scheme the number of ions produced via 
the triplet manifold with the ArF ionisation laser is measured. The latter quantity is 
directly proportional to пті{Т), with the proportionality constant determined by the laser 
Huerico of the ArF laser and the cross-section for single-photon ionisation out of the triplet 
manifold. 
In figure 3.5 a measurement of the total ion yield, i.e. all fragment ions are detected 
as well, of DPA via either ionisation pathway is given as a function of the fiuencc of the 
resonant excitation laser. The laser is kept fixed in wavelength on the electronic origin 
of the Si <— S 0 transition. The total ion yield averaged over 20 laser shots is measured 
simultaneously with the averaged excitation laser fluence. The latter is measured on a 
relative scale with a photo-multiplier tube, and only afterwards put. on an absolute scale 
by measuring the laser power with a calibrated power meter. In this measurement only the 
central 1.0 mm diameter portion of the excitation laser beam is coupled into the molecular 
beam machine through a well-defined mask; the spatial intensity distribution over this 
1.0 mm diameter area varies less than 20 %. The beam size of the ArF ionisation laser is 
chosen somewhat larger than that of the excitation laser. The intensity of the ArF-laser 
is attenuated using a variable filter to such an extent that the two-photon non-resonant 
ionisation of ground-state DPA that it, can induce is not detectable any longer. 
The data given in figure 3.5 are fitted to the expressions described above. Compared to 
the intersystem crossing rate k
st the ionisation out of the singlet state with the excitation 
laser, i.e. а,
нг
І
ет
,., appears to be only a minor loss channel, even up to the highest excitation 
laser fluences that have been used. This is most directly seen in the upper panel of figure 3.5; 
if the ionisation out of the singlet state would compete with the intersystem crossing 
rate, the measured curve would bend downwards for high laser fluences, but instead it 
remains more or less flat. The fit turned out to be rather insensitive for the value of the 
intersystem crossing rate k
st. Since the objective of these measurements is to determine 
the excitation cross-section a
exc
, the value of /с
л( is fixed to 3 • 10
8
 s
- 1
 (corresponding 
lo an excited state lifetime of around 3 ns). The resonant excitation cross-section can 
now be quite accurately determined as a
exc
 = (1.1 ± 0.2) · 10" l f i cm 2 , whereas an upper 
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F i g u r e 3 . 5 : Experimental (dots) and f i t ted theoretical (solid line) saturation curves measured 
via either time-delayed (300 ns) 2-colour ( 1 + 1 )-REMPI employing the ArF-laser for ionisation 
from the tr iplet manifold (upper panel) or direct 1-colour ( 1 + 1 ) - R E M P I via the excited singlet 
state (lower panel) 
limit for the cross-section for ionisation out of the singlet state is determined as a
sl < 
5 10~18 cm2 The latter value for the ionisation cross-section implies that even at the 
largest laser fluences employed, the product a3Jexc is less than 0 3 kst The correctly scaled 
fit thus obtained is shown together with the measurements in both panels of figure 3 5 
Similar measurements have been performed for all the vibiational bands that are shown in 
the spectra of figure 3 3, and the relative intensity of the absolute values for the excitation 
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cross-sections determined for these bands match well to the intensity distribution as shown 
in the REMPI spectra. The vibrational band that showed an absorption of (16±4) ppm 
per pass in the CRD measurements is determined to have a peak absorption cross-section 
<7
ej4. of (1.6±0.3)-i(T16 cm2. 
3.5 Conclusions 
Sensitive direct absorption measurements have been performed on laser-desorbed jet-cooled 
diphenylamine just outside the expansion region of a laser desorption jet cooling molecu­
lar beam spectrometer via cavity ring down spectroscopy. Even at CRD times as short as 
150 ns, a noise-equivalent absorption detection limit below 4 ppm per pass has been demon­
strated in the near UV part of the spectrum around 308 nm. The strongest vibrational band 
of the Si <— So transition of DPA shows an absorption of (1G±4) ppm at a distance of 11 mm 
(22 nozzle-diameters) from the nozzle. In a two-colour time-delayed (1+1')-REMPI scheme 
the absolute absorption cross-section for the same vibrational band has been determined as 
(1.6 ±0.3) · 10~16 cm - 1 . Combining these results leads to a value for the line-integrated DPA 
number density inside the ring down cavity of J* NDPA{x)dx = (1.0 ± 0.25) · 1011 cm 3cm. 
To extract the absolute number density of DPA inside the ring down cavity from these 
combined measurements, the length of the absorption path needs to be known. 
Measurements of spatial distributions of laser-desorbed species in a molecular beam 
have been performed by Arrowsmith et al. [26], albeit that the experimental conditions 
were not optimized for optimum cooling and a different pulsed valve from the one we 
employed was used. Their results will nevertheless be largely applicable to our system, 
and from these measurements we estimate a FWHM spatial distribution of DPA of 3 mm 
at 22 nozzle diameters away from the desorption point. We can now approximate the 
integral along a line with a varying DPA concentration by an averaged DPA concentration 
times a 3 mm width of the DPA package. This then results in an approximate DPA 
number-density on the axis of the molecular beam machine at an 11 mm distance from the 
nozzle of Nr>p,\ к 3 · 1011 cm""1. This value is estimated to be correct within a factor of 
two. 
This number density can be compared to the number density that can be reached in 
a conventional seeding experiment [4], and it is concluded that the on-axis beam intensity 
is comparable to seeding a molecule in the same beam machine at a partial pressure of 
10 "4, i.e. it is comparable to the situation in which a molecule with a vapour pressure of 
0.1 inbar is seeded in 1 bar of Ar. It is indeed experimentally observed that seeding aniline, 
which has a 0.4 mbar vapour pressure at room temperature but also a factor four smaller 
excitation cross-section [24] than DPA, in 1 bar Ar in the same beam machine results in 
spectra of comparable intensity as observed for laser-desorbed DPA. 
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4 
A study on the structure and vibrations of 
diphenylamine by resonance-enhanced multiphoton 
ionisation spectroscopy and ab initio calculations1 
Abstract 
Laser-desorption jet-cooling has been applied in combination with mass-selective gas-phase 
spectroscopic techniques to study the structure and low-frequency vibrations of dipheny­
lamine (DPA). Two-colour (1+Γ) resonance-enhanced multiphoton ionisation has been 
used to measure the vibrationally resolved excitation spectrum of the Si 4— S0 transition 
in the 305 - 309 nm region. Ion-dip measurements have been performed to determine the 
vibrational structure in the electronic ground state. The electronic spectra of DPA are dom­
inated by long progressions in low-frequency vibrations involving the motion of the phenyl 
rings as a whole. For the interpretation of the experimental data ab initio calculations 
have been performed at the Hartree-Fock level for the So-state and using single-excitation 
configuration interaction for the Si-state. The DPA molecule is found to change from a 
pyramidal geometry around the N-atom with unequal torsional angles of the phenyl groups 
in the So-state to a planar geometry with equal torsional angles in the Si-state. The two 
most prominent vibrational motions arc the in-phase wagging and the in-phase torsion of 
the phenyl rings. In addition, the resonance-enhanced multiphoton ionisation spectra of 
the Si <— So transition in the DPA-Ar, DPA-Kr, and DPA-Xe van der Waals complexes 
have been measured. From these spectra it is inferred that there is a coupling between the 
van der Waals modes and the low-frequency intra-molecular modes of DPA. 
'Based on- M G H. Boogaarts, G. von Heidon, and G Meijer, J. Chem. Phys. (in press). 
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4.1 Introduction 
In the last few decades there has been a considerable interest in the determination of 
the structural and dynamical properties of bridged biphenylic molecules (C6H5)2X like 
diphenyl-ether (X= O), diphcnyl-sulfide (X= S), benzophenone (X= CO), biphenyl (X= ), 
stilbene (X= CH=CH), diphenylamine (X= NH), and many others [1, 2, 3, 4, 5, 6, 7, 8, 9, 
10, 11]. The attention mainly focussed on the equilibrium orientation of the phenyl rings, 
i.e. the twist angles of the phenyl groups around the C-X bonds relative to the C-X-C 
plane, and on the frequencies of the corresponding torsional motions. These properties 
are believed to play an important role in the intra-molecular dynamics as well as in the 
chemical behaviour of such molecules. 
The orientation of the rings is dictated by the competition between two effects: the 
stcric repulsion of the rings and the desired conjugation of the electronic π systems on 
the rings, either directly, or mediated through a lone pair orbital on X. There is a strong 
relationship between the molecular geometry and the nature of electronic transitions, and 
Huber and coworkers concluded from an extensive study on a series of aromatic amines, 
whose molecular configurations gradually change from a distinctly nonplanar to a planar 
geometry, that "the excited state behaviour of aromatic amines is dominated by the influ­
ence of molecular geometry on spin-orbit coupling" [3, 4, 5, 6]. The molecular geometry 
thereby also influences inter system crossing (ISC) processes. In addition, the torsion­
al modes are expected to determine intra-molecular vibrational relaxation (IVR). This 
has been investigated in several studies on the low-frequency vibrations of benzophenone 
[7, 8, 9]. 
Experimental studies on bridged biphenylic systems have often been backed by empirical 
and/or semi-empirical calculations [4, 9, 10, 11, 12, 13]. However, drastic assumptions on 
the molecular geometry have usually been made. For example C2 or C2„ symmetry of the 
molecule and planarity of the phenyl rings is often assumed. Predictions made from those 
calculations will fail for the aromatic amines, where the geometry around the N-nucleus is 
expected to be pyramidal due to a sp3 electronic configuration. 
More recently there has been a renewed interest in determining the geometrical, vibra­
tional, and electronic structure of diphenylamine (DPA) and its derivatives in connection 
with the design and synthesis of organic ferromagnets, where polymer skeletons derived 
from poly-aniline are believed to be good candidates [14, 15]. Ito et al. were the first to 
use ab initio molecular orbital methods to calculate the electronic structure of DPA and 
some of its derivatives. They investigated the relative energies of four predefined molecular 
conformations, but did not perform a full geometry optimization [15]. 
Existing experimental data on DPA come from studies in the liquid or solid state 
[1, 2, 3, 4, 5, 6, 16, 17, 18, 19, 20]. Nonetheless, information pertaining to the geometry 
and dynamics of DPA and other bridged biphenylic molecules (СбН5)2Х is surprisingly 
incomplete. Those properties are best studied in the gas phase on the isolated molecule. 
However, the vapour absorption spectra of these molecules are usually very broad due 
to spectral congestion. This congestion can be removed by cooling the molecules in a 
supersonic, expansion [21, 22], but molecular beam techniques have long been restricted to 
molecules with a sufficiently high vapour pressure that seeding of the sample molecules in a 
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carrier gas can be performed. Many large organic molecules do not meet this requirement, 
and detailed gas-phase spectroscopic information on diphenylamine has been lacking for 
this reason. Optical spectra of DPA have been measured before in laser-desorption jet-
cooling studies [23, 24, 25]. Although these studies did not aim at a detailed analysis of 
the DPA spectra, long progressions in low-frequency vibrational modes were reported in 
the electronic excitation spectra. It was concluded that the isolated molecule in the gas 
phase is rather floppy, and that the long progressions are indicative of a large change in 
the equilibrium geometry of the molecule upon excitation. 
In this chapter we report the vibrationally resolved electronic spectroscopy of dipheny-
lamine, performed in the laser desorption jet cooling molecular beam spectrometer. Two 
kinds of measurements have been performed in this study: excitation spectroscopy to 
probe the vibrational levels in the first electronically excited singlet state Si, and ion-dip 
spectroscopy to probe the vibrational levels in the ground state So. To facilitate the vi-
brational analysis of the DPA spectrum, also the spectrum of the deuterated species, i.e. 
a DPA molecule with the amine proton substituted by a D-atom, has been measured. In 
addition, measurements have been performed on van der Waals complexes of DPA with 
the rare gas atoms Ar, Kr, and Xe. The interpretation of the experimental data in terms 
of the geometry and the normal modes of DPA in both So and Si-state is backed by ab 
initio calculations. These calculations include a full geometry optimization, a normal mode 
analysis, and a calculation of the vibrational frequencies in both states. 
4.2 Experimental 
The laser desorption jet cooling mass spectrometer has already been described in detail 
in chapter 2, and here only the experimental facts pertaining to the study presented in 
this chapter will be given. DPA is deposited in a piece of active carbon (Norit, R 2030) 
by solving DPA in an organic solvent (e.g. toluene) and soaking the charcoal piece in this 
solution. The charcoal is then dried and its surface is disposed of the ovcispill of DPA. The 
charcoal piece is positioned near the orifice of the pulsed jet expansion, where a Nd:YAG 
laser is used for desorbing DPA from the charcoal matrix. The piece of active carbon can 
contain a large quantity of DPA that is slowly released from the bulk to the surface of 
the matrix. DPA is desorbed from the top layers of the charcoal by the desorption laser 
pulse, and is replenished by migration from the bulk in between laser pulses. In this way 
a stable source of laser-desorbed jet-cooled DPA is obtained that lasts for several hours. 
When measurements are performed on the free DPA molecule, Ne or sometimes Ar is used 
as carrier gas, while pure Ar, Kr, and Xe are used for measurements on the respective 
van der Waals complexes. In most cases the mass spectrometer is used with a 60 cm long 
TOF tube, yielding a mass resolution M/AM « 400. This is sufficient for isotope resolved 
detection of the various DPA van der Waals complexes. 
DPA is measured via a two-colour (l+l')-resonance-enhanced multiphoton ionisation 
(REMPI) scheme, as indicated in the right part of figure 4.1. The structure of the molecule 
is indicated in the left part of that figure, together with the definition of some geometrical 
paiameters. For the measurement of the REMPI spectra via the Si-state, laser excitation 
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F i g u r e 4 . 1 : The molecule diphenylamine (DPA, 169 Da) is shown left, together with the 
definition of the torsional angles φ and φ' of the phenyl groups around the C-IM bonds and the 
C-N-C bond angle θ The two-colour REMPI schemes that have been applied to the molecule, 
are indicated in the right part of the figure 
to this state іь performed with a frequency-doubled, 0 15 cm - 1 bandwidth pulse from a 
tunable dye-laser (Spectra-Physics, PDL-3) that is pumped by a frequency-doubled pulse 
from a Nd YAG-laser (Spectra-Physics, GCR-150) Part of the same Nd YAG-laser pulse 
is frequency-tripled and this 355 nm pulse is used for subsequent ionisation from the Si-
state The pathlengths of the two light pulses are matched to ensure simultaneous arrival 
of the counterpropagating pulses in the interaction region An advantage of this particular 
two-colour REMPI scheme is that three or more 355 nm photons are needed for non-
resonant ionisation of DPA, making this a very low probability process Consequently, a 
high ionisation laser fluence can be used leading to a high REMPI efficiency, while the 
excitation laser fluence can be kept low, thereby avoiding the occurrence of broadening 
mechanisms The excitation laser is used with a fluence of «1 MW/cm2 and the ionisation 
laser with «20 MW/cm2 The peak absorption cross section of DPA on the origin of 
the Si «— So transition and for ionisation from the Si-state, as determined in chapter 3, 
is a
exc
 = 1 1 χ 10 - 1 6 cm2 and a
sl < 5 χ IO
- 1 8
 cm
2
, respectively [24], from which it is 
concluded that the laser excitation and ionisation steps are still well away from saturation 
The fundamental frequency of the excitation laser has been calibrated by the simultaneous 
measuiement of I2 absorption lines, that are tabulated to high accuracy [26] The relative 
pulse energy of the excitation laser is recorded simultaneously with the ion signal, and the 
REMPI spectra presented in this paper are all corrected for variations in the excitation 
laser fluence over the scanning range 
In the ion-dip experiment [27, 28] population is pumped to an energy level in the 
Si-state of DPA with a resonant, 0 4 cm - 1 bandwidth, pulse from a Nd YAG pumped, 
fiequencv-doubled dye-laser (Spectra-Physics, GCR-ll/PDL-2 combination) that is fixed 
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in frequency. Ionisation from this energy level is performed witli the more intense Nd:Yag / 
dye-laser combination mentioned earlier (GCR-150/PDL-3). While scanning the ionisation 
laser on the red side of the pump laser, it can become resonant with transitions back to 
vibrational levels in the electronic ground state So- Dips will appear in the two colour 
ion signal whenever stimulated emission pumping (SEP) to these levels occurs [29]. The 
frequency difference between the preparation (pump) and ionisation (dump) laser is then 
a direct measure of the vibrational frequency of the DPA molecule in the So-state. A 
disadvantage of the ion-dip technique is its inherent low signal to noise (S/N) ratio as one 
has to detect dips in a large ion background signal. In addition, only a limited fraction 
of the upper state population can be dumped back to the So-state [29]. To optimize the 
contrast, the fluence of the pump laser is kept a factor 15 to 20 lower than that of the 
dump laser. 
The REMPI spectra of the vdW-complexes of DPA with the carrier gas atoms Ar, 
Kr, and Xe have been recorded under the same experimental conditions as those of the 
monomer measurements. The time-delay between desorption laser and REMPI lasers has 
of course been adapted to the speed of the employed carrier gas in the expansion (see 
section 2.2.4 in chapter 2). 
4.3 Results and analysis 
4.3.1 REMPI spectroscopy via the Si-state 
Figure 4.2 shows the first 1000 cm -1 of the excitation spectrum to the Si-state of DPA, 
measured via two-colour (1+1')-REMPI with mass-selective ion detection. The spectrum 
has been measured by stepping the dye-laser in 0.25 cm -1 intervals, and averaging over 
20 laser pulses at each wavelength. The electronic origin of the Si <— So transition in DPA 
lies at (32461.7 ± 0.1) cm -1. The full width at half maximum (FYVHM) of the transition 
is determined by its rotational envelope, and amounts to (1.7 ± 0.1) cm -1 under the laser-
desorption jet-cooling conditions in the experiments reported here. The bandwidth of the 
pulsed dye-lasers does not allow resolution of rotational structure. The lifetime of the Si-
state has been determined by scanning the time delay between excitation and ionisation 
laser. Two colour ionisation signal is only observed when the two light pulses overlap in 
time. It is therefore concluded that the lifetime of the excited state has an upper limit of 
5 ns. This short lifetime is due to rapid intersystem crossing (ICS) to triplet states [24, 25]. 
In solution, a fluorescence lifetime of singlet excited DPA of 3 ns has been determined [6]. 
The REMPI spectrum consists of many vibrational lines and the major part of the 
activity in the electronic spectrum is carried by two low-frequency vibrational modes that 
most likely involve the motion of the phenyl-rings as entities relative to the. frame of the 
molecule. The most prominent vibrational mode has a frequency of (62.1 ± 0.3) cm -1, 
while the second one has a frequency of (89.7 ± 0.3) cm - 1 (see section 4.5.1 for a de-
scription of these modes). These modes exhibit long Franck-Condon induced progressions, 
which is an indication for a large change in the equilibrium geometry of the molecule in the 
Si <- So transition. From these progressions, it can be seen that the anharmonicity of these 
two modes is small. Furthermore, they combine with each other, yielding a characteristic 
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F i g u r e 4.2: Two-colour (1+1')-REMPI spectrum of the Si <— So transition in laser-desorbed 
jet-cooled DPA in the 309-305 nm range. The electronic origin of the transition lies at 
(32461.7 ± 0.1) c m - 1 . Long Franck-Condon progressions in two low-frequency modes as 
well as their combination bands dominate the spectrum. The frequencies of these modes are 
62.1 c m - 1 and 89.7 c m - 1 . These frequencies belong to the motion of the phenyl-groups 
relative to the frame of the molecule. 
pattern, also indicated in the upper trace of figure 4.4. This pattern is repeated in com­
bination with nearly all other vibrational modes, and therefore the excitation spectrum 
rapidly becomes congested. Hardly any hot bands are observed, although some spectra 
show a weak hot band « 35 cm - 1 above the electronic origin (see also section 4.5.1). A 
list of all lines observed in the excitation spectrum of DPA, with frequencies, intensities 
and assignment, is compiled in table 4.4. The fundamental frequencies of the observed 
modes are listed in table 4.1. The observed modes are enumerated according to increasing 
frequency. 
The excitation spectrum of DPA containing a 13C-isotope is simultaneously measured by 
recording the ion signal on mass 170 Da. The electronic origin of the Si <— So transition for 
this species lies at (32463.4 ± 0.2) cm - 1 , corresponding to a blue shift of (1.7 ± 0.2) cm - 1 
relative to the DPA origin measured at 169 Da. The blue shift decreases with increasing 
frequency in the excitation spectrum due to the mass difference. The spectrum of the 
isotopically substituted DPA is otherwise identical to the spectrum of nonsubstituted DPA 
and has line intensities of 10 % relative to that. Based on a 1.1 % natural 1 3C abundance 
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thib ratio should be 13 4 % The discrepancy can be explained by the larger hnewidth for 
the transition of the isotopomer, being (2 8 ± 0 1) cm - 1 This is due to the slightly different 
line positions for the various 1 JC 1 2CnHi 0NH isomers of DPA at 170 Da, as opposed to the 
more sharply defined line position for the one existing ie<)DPA isomer 
Table 4 . 1 : Experimentally observed fundamental Si-state vibrational frequencies for H DPA 
(169 Da) and D-DPA (170 Da) compared to the calculated normal mode frequencies of these 
molecules m the Si and in the So-state The frequencies are calculated from the 6 31G* and 
the 6-31G** basis set respectively The arguments for the correlation between experimental 
and calculated frequencies, between Η-DPA and D DPA frequencies and between excited 
and ground state frequencies are discussed in the text The frequencies are all given in 
wavenumbers The experimental values have an accuracy of 0 3 c m - 1 
mode 
V\ 
Vl 
Vi 
νχ 
Vb 
"G 
vi 
v% 
ц 
"10 
vu 
H-DPA 
S! 
exp cale (symm) 
59 1 73 7(B) 
62 1 53 9 (A) 
89 7 91 4 (A) 
222 0(B) 
223 8 226 8 (A) 
300 4 325 7 (A) 
341 6 364 1 (B) 
441 9 429 7 (A) 
451 4(7) 447 4 (B) 
459 5(7) 467 6 (A) 
471 1 (B) 
552 0 573 2 (B) 
So 
cale 
26 2 
104 4 
47 5 
227 1 
251 1 
315 5 
393 7 
544 3 
563 6 
4614 
457 2 
622 7 
D-DPA 
Si 
exp cale (symm) 
58 6 74 4(B) 
62 1 53 8 (A) 
89 9 91 4 (A) 
198 2 217 0 (B) 
223 9 226 7 (A) 
300 2 325 6 (A) 
349 4 (B) 
442 5 429 5 (A) 
4219(B) 
457 9 (A) 
467 6(B) 
549 1 551 7 (B) 
So 
cale 
26 0 
104 1 
47 3 
205 0 
250 9 
260 3 
392 8 
542 5 
562 8 
4614 
456 9 
613 3 
To support the analysis and assignment of the vibrational lines in the excitation spec­
trum of DPA, the spectrum of the deuteratcd species, ie DPA with the amine proton 
replaced by a D-atom, has been measured in the same setup by lecording the ion signal 
on mass 170 Da As the shift in vibrational frequency will depend on the degree of par­
ticipation of the D-atom in the corresponding motion, it will be diffeient for the various 
vibrational modes Deuterated diphenylamine (D-DPA) is obtained by soaking a piece of 
charcoal filled with DPA in D¿0 for some hours The resulting fraction of D-DPA ranges 
from 65 to 80 % The contribution of the nC-isotopomcr of 'normal' DPA (Η-DPA) to 
the signal on mass 170 Da is in this case limited to «5 % and is spectrally sufficiently 
separated to allow unambiguous assignment 
The general appearance of the excitation spectrum of D-DPA is very similar to that of 
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Η-DPA. Differences between the two spectra are only visible upon close inspection. One in­
teresting difference is a weak progression starting at (198.2 ± 0.3) cm - 1 that has apparently 
no counterpart in the Η-DPA spectrum. Its cause will be discussed later. The electronic-
origin of the Si <— So transition for deuterated diphenylamine lies at (32457.3 ± 0.1) cm 1, 
which corresponds to a red shift of (4.4 ± 0.1) cm - 1 relative to the DPA origin, and has a 
linewidth of (1.7 ± 0.1) cm - 1 (FWHM). All lines observed in the D-DPA spectrum are list­
ed with frequency, intensity and assignment in table 4.5, and the fundamental frequencies 
assigned to normal modes are listed together with those of Η-DPA in table 4.1. 
4.3.2 Double resonance ion-dip spectroscopy on the S0-state 
A characteristic ion-dip spectrum of DPA is presented in figure 4.3. In this measurement 
the pump laser has been used to prepare the vibrationless level in the Si-state of DPA. In 
the figure the ion yield on mass 169 Da is shown as a function of the frequency difference 
between pump and dump laser. The position of ion-dips is, therefore, directly related to 
vibrational frequencies in the So-state of DPA. 
120 
pump 
f 50 
d u m p ( C m ) 
250 
F i g u r e 4.3: Double resonance ion-dip spectrum of DPA, obtained by pumping the vibration-
less level in the Si-state. Resonances with transitions back to levels in the electronic ground 
state appear as dips in the two-laser ¡on signal. The ion signal is plotted as a function of the 
frequency difference between the lasers. A vibrational progression with a frequency spacing 
of 51 c m - 1 is indicated. 
Four dips, equally spaced in frequency, can be observed in the spectrum. They cor-
respond to a decrease of the two-colour ion signal with « 14%. The dips form a Franck-
Condon progression of a vibrational mode in the electronic ground state with a frequency 
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of (51.2 ± 0.5) cm - 1 . Ion-dip spectra have been taken from several vibrational levels in 
the Si-state. In all spectra, only dips belonging to this same Franck-Condon progression 
have been observed. Apparently, these are the strongest lines in the Si —> So transition. 
From this observation, and from the value of the frequency, it is concluded that this mode 
has similar characteristics to that of the 62.1 cm - 1 mode in the S]-state. Surpiisingly, a 
mode corresponding to the 89.7 cm - 1 mode in the Si-state is not observed. An explanation 
for the apparent absence of this mode might be that its So-frequency is nearly equal to 
2 χ 51 cm - 1 , as is suggested by the calculations (see section 4.4.2) In that case the mode 
will be hidden under the 51 cm - 1 progression. 
4.3.3 REMPI on the van der Waals complexes of DPA with Ar, Кг, and Xe 
The REMPI spectra of the van der Waals complexes of DPA with the carrier gas atoms 
Ar, Кг, and Xe are shown in figure 4.4 together with the first 300 cm - 1 of the DPA 
monomer spectrum. These spectra provide additional information on the monomer as 
symmetry is broken in the excited state of the complex, leading to the appearance of 
formerly (partly) forbidden lines. Furthermore, the spectra of the vdW-comploxes with 
DPA contain information on the influence of the vdW-bonded atom on the motion of the 
phenyl rings relative to the frame of the molecule. 
The spectra are measured by recording the ion signal on the mass of the respective 
complexes. For DPA-Ar, spectral hole burning experiments have been performed to confirm 
that the observed spectral structure is due to a single vdW-species. Due to the various 
Kr and Xe isotopes, the signal on the DPA-Kr and DPA-Xe complexes is distributed over 
several masses. The spectra of the vdW-complexes with the various isotopes of Kr or Xe 
are found to be identical within the spectral resolution. In the figure, therefore, the sum of 
the spectra of the various isotopomers of DPA-Kr and DPA-Xe are shown. The DPA-Ne 
complex could not be observed. Apparently the binding energy of this complex is so low 
that the expansion conditions in the laser desorption molecular beam source do not allow 
its formation. The absence of DPA-Ne complexes can be used to advantage, as it makes 
Ne an ideal carrier gas for the measurement of 'clean and pure' DPA-spectra. 
From a comparison of the spectra in figure 4.4 a few observations can be made. The 
general shape of the spectra of the vdW-complexes, i.e. the characteristic pattern of Franck-
Condon piogressions and combination bands of low-frequency vibrational modes, is similar 
to that of the monomer. However, the spectra of the vdW-complexes become congested 
very lapidly. After a few hundred wavenumbers, individual lines can no longei be identified. 
The Si <— So transitions in the vdW-complexes show a red shift with respect to the 
transition in the monomer. This shift is (25.0 ± 0 3) cm"1 for DPA-Ar, (42.6 ± 0.3) cm"1 
for DPA-Kr, and (66.2 ± 0.3) cm - 1 for DPA-Xe. Both the red shift of the electronic origin 
upon complexing, as well as its observed increase with increasing polarizability of the rare 
gas atom, are commonly observed in vdW-complexes where the rare gas atom is positioned 
on top of an aromatic ring [30]. 
The complex spectra show additional structure around the mode that corresponds to 
the 62.1 cm"1 mode in the monomer. Two extra lines are observed that cannot both be 
attiibuted to van der Waals modes. One of the extra lines is due to an intra-molecular 
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Figure 4.4: From top to bottom are shown the mass-selected two-colour (1+1')-REMPI 
spectra of DPA and of the van der Waals complexes DPA-Ar, DPA-Kr, and DPA-Xe. The 
spectra are scaled to have equally high electronic origins and are plotted on an absolute 
frequency scale. The red shift of the transition in the vdW-complex relative to that in the 
monomer is given by the distance from the dashed line that indicates the position of the 
electronic origin of DPA. The Franck-Condon progressions in the DPA excitation spectrum, 
indicated above the spectrum, are also present in the spectra of the vdW-complexes. 
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mode that is hidden in the monomer spectrum The clear appearance of thib line in the 
bpectra of the vdW-complexes is one of the strongest indications for the existence of this 
partie ular mode, as discussed in section 4 5 1 The additional lines at low frequent íes are 
attributed to van der Waals modes The three vdW-modes may or may not combine with 
mtra-molecular vibrational modes 
Table 4.2: Comparison of excited state properties of DPA and the vdW-complexes DPA-
Ar, DPA-Kr, and DPA-Xe Intra-molecular vibrational modes are denoted with ut, while ω, 
denotes a van der Waals mode Frequencies are all given in wavenumbers with an accuracy 
of 0 3 c m - 1 
electronic origin 
DPA DPA-Ar DPA Kr DPA-Xe 
32461 7 32436 7 32419 1 32395 5 
intra-molecular vibrational frequencies 
61 2 62 3 
66 6 67 1 
94 6 96 4 
van der Waals frequencies 
ω
χ 
w¿ 
ω·) 
24 0 
30 6 
59 0 
23 4 
-
65 0 
24 0 
-
64 7 
There is a rather large increase in the three lowest intra-molecular cx< ited state frequen-
cies of DPA upon complexing This increase differs for the various modes, ranging from 
я4 % for the 59 1 cm - 1 mode (i/\) to «7 % for the 62 1 cm - 1 mode (v¿) Fuithermore, the 
increase is getting largei with increasing mass of the rare gas atom No frequency change is 
observed for the 300 4 cm -1 mode {v6) lable 4 2 lists the frequencies of the fundamental 
intra-molecular and van der Waals modes, as well as the observed electronic origin of the 
vd'W -complexes The assignment of the vdW-modes is tentative, as it can not be excluded 
that overtones and/or combination bands appear in the electronic spectrum rather than 
the fundamental modes 
4.4 Ab initio calculations 
4.4.1 Computational methods 
The geometry and frequencies of DPA are calculated both in the electionic ground state 
and in the first singlet excited state using the program Gaussian 94 [31] For the ground 
state, the geometry has been optimised at the Hartree-Fock (HF) level using the 6-31G(d,p) 
v\ 
щ 
Vu 
59 1 
62 1 
89 7 
223 8 
300 4 
615 
66 0 
94 3 
_ 
300 9 
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basis set. No symmetry constraints are applied. The resulting optimized geometry has no 
symmetry and a subsequent harmonic frequency calculation showed no imaginary frequen­
cies. The two phenyl groups are not equivalent, one having a torsional angle φ = 14.7e 
with respect to the C-N-C plane while the other ring has a torsional angle φ' = 44.5°. 
The hydrogen atom bound to the nitrogen is tilted out of the C-N-C plane. The result­
ing 'inversion angle' of the N-H bond with respect to the C-N-C plane is found to be 
β = 20.8°. For a definition of the geometrical parameters see figure 4.1. It seems that, due 
to the tilt of the phenyl rings, the lone pair on the nitrogen can not efficiently take part in 
the conjugation of the phenyl rings and, therefore, a non planar configuration local to the 
N-atom is preferred. The inversion angle of DPA can be compared to the same angles for 
ammonia (NH3), which has β — 80° [32], aniline with β « 37° [33], and triphenylamine 
(TPA) where β и 0° [34]. This comparison reveals an obvious trend in the configuration 
around N that changes from a pyramidal to a planar geometry with the consecutive addi­
tion of phenyl-groups. Because of its smoothness, we believe that this trend results from 
an increasing delocalization of the N lone pair orbital, along with a gradual transition from 
a sp3 to a sp2 state of hybridization of the N-nucleus. Some geometrical parameters are 
given in table 4.3 and the twelve lowest frequencies are listed in table 4.1. 
Table 4.3: Parameter values resulting from the ab initio geometry optimization. The 
definition of the parameters can be found in figure 4.1. β is the 'inversion angle' between the 
N-H bond and the Cl-N-Cl' plane. The angles are in degrees, and the bond lengths in A. 
For a comparison also the values resulting from calculations with the semi-empirical CNDO/2 
method by Pankratov et al. [12] are given. 
method 
CIS (6-31G*) 
HF (6-31G**) 
CNDO/2 
state 
Si 
So 
So 
Φ 
27.0 
14.7 
13.8 
Φ' 
27.0 
44.5 
34.1 
ß 
0.0 
20.8 
26.7 
θ 
126.7 
126.9 
124.1 
Cl-N-H 
116.7 
114.5 
116.4 
Cl'-N-H 
116.7 
114.9 
113.1 
Cl-N 
1.369 
1.401 
-
Cl'-N 
1.369 
1.399 
-
N-H 
1.000 
0.993 
-
The Si-state is calculated by a configuration interaction (CI) calculation that includes 
all single excitations (CIS). Due to computational restrictions, the additional p-orbitals on 
the hydrogen atoms are left out and the 6-31G(d) basis set is used. The electronic term 
energy is calculated to be 5.46 eV. Corrected for the difference in zero point energy, the 
excitation energy results in 5.33 eV. The experimental value for the origin of the electronic 
transition is 4.02 eV. The subsequent analytical frequency calculation at the CIS level 
showed no imaginary frequencies. The two phenyl rings are equivalent, each having a 
torsional angle φ = φ' = 27.0° with respect to the C-N-C plane. The sum of the torsional 
angles thus decreases 5.2° in going from the So to the Si-state. The hydrogen atom bound 
to the nitrogen is found to lie in the C-N-C plane. The Si-state is thus found to have C2 
symmetry, in contrast to the Ci symmetry of the ground state. 
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The dominant excitation, with a CI coefficient of 0.69, corresponds to a direct HOMO-
LUMO excitation in DPA. The two orbitals have, in the point group of the excited state, 
A and В symmetry, respectively, resulting in a lB Si-state. This excitation occurs from 
a strongly localized orbital on the nitrogen atom (lone pair) to a delocalized orbital on 
the two phenyl rings with π* character (π* «— η transition). This is consistent with the 
findings of Huber and coworkers who concluded that the lowest transitions in DPA have 
substantial charge-transfer character [3, 4, 5, 6]. The planarity around the nitrogen atom 
in the Si-state comes, therefore, as no surprise since the local electronic configuration is 
similar to that of the (planar) NH3" ion. The other important excitations for that state 
occur on the phenyl rings and correspond to π —> π* excitations. Geometrical parameters 
are shown in table 4.3 and vibrational frequencies in table 4.1. 
There are not many experimental or theoretical studies that allow a comparison of 
the results of the calculations. All experimental data on torsional and bond angles come 
from studies in the condensed state. Here, we only want to mention the good agreement 
between the calculated Cl-N-Cl' bond angle θ = 126.9° in the ground state and the value 
θ = 126° obtained from X-ray diffraction measurements [16]. Ito et al. have thus far been 
the only ones to perform ab initio MO calculations, but they restricted the calculations 
to fixed geometries and their results arc, therefore, not comparable to ours. We can, 
however, compare our results to those of Pankratov and coworkers [12], who optimized 
the geometry of DPA with semi-empirical methods. Their geometry optimization of DPA 
in the electronic ground state with the CNDO/2 method already predicted a pyramidal 
configuration around N, non-equal torsional angles, and bond angles that agree rather well 
with the present calculations. Some of their CNDO/2 results are included in table 4.3. 
4.4.2 Vibrational modes 
The DPA molecule, (C6H5)2NH, has 24 atoms and therefore 66 vibrational degrees of free­
dom. In order to understand the vibrational modes of DPA, it is illustrative to decompose 
them into local modes. Assuming the phenyl rings to be internally rigid, 12 degrees of 
freedom are left. These 12 modes result from 6 'ammonia-like' modes and 3 modes of each 
rigid phenyl ring with respect to the rest of the molecule. Two of these 3 modes are bending 
modes of the phenyl plane with respect to the phenyl-N bond and one is the rotation of 
the phenyl ring around the phenyl-N bond. A total of 54 modes are left over for motion 
within the phenyl rings. The latter modes are expected to have frequencies higher than 
400 cm - 1 and are, therefore, only of limited interest for this study. 
The calculated modes of DPA in its 'B Si-state have been visualized and categorized 
according to the local mode picture above. For the three lowest frequency vibrations, 
the most important local mode contributions are: the in-phase wagging of the phenyl-
rings in the C-N-C plane (53.9 cm - 1 , A-symm.), the 'through-plane' N-motion which is 
the equivalent of the 'umbrella motion' in ammonia (73.7 cm - 1 , B-symm.), and the in-
phase torsion of the phenyl-rings around the C-N bonds (91.4 cm - 1 , A-symm.). Four 
additional normal modes, that do not involve motion within the phenyl rings, are present 
below 400 cm - 1 (1/4-1*7). The next four modes (ι/β-ι/ц) are out-of-plane ring deformations, 
followed by four in-plane ring deformations (i/^-fis). Higher frequencies are not analysed 
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in this study. 
The same visual inspection is done for the electronic ground state vibrational modes. 
It is instructive to correlate the ground and excited state modes and frequencies. This 
correlation is done on the basis of the local modes involved as well as on the approximate 
symmetry of the modes, and is shown in table 4.1. It should be noted, however, that this 
correlation is determined by eye and therefore only tentative. 
4.5 Discussion 
4.5.1 Diphenylamine: structure and low-frequency vibrations 
The abundance of fundamental modes contributing to the REMPI spectrum is in accord 
with an expected low symmetry of the DPA molecule. This is confirmed by the calculations 
that predict C2 symmetry for DPA in the 1B Si excited state and no symmetry at all 
for the electronic ground state configuration. The long Franck-Condon progressions in 
the spectrum indicate a large change in the equilibrium geometry of the molecule in the 
Si <— So transition. These progressions are most pronounced in two low-frequency modes. 
The change will, therefore, be predominantly along those normal coordinates. Similar 
results have been obtained for the transition from the Si-state to the ionic ground state 
[25]. 
From the So and Si-state geometries and their normal modes, the Franck-Condon fac­
tors can in principle be calculated. This is however a formidable task and has not been 
done here. Nonetheless, a qualitative understanding of the origin of the Franck-Condon 
progressions can be obtained by looking at the geometry differences between the ground 
and excited state. From table 4.3 we see that changes occur mainly in the relative twist of 
the phenyl-rings (probably best expressed by the summed torsional angles) and the pyra-
midality around the N-atom (expressed by the inversion angle β). The Cl-N-СГ bond 
angle Θ, on the other hand, hardly changes. Long Franck-Condon progressions would, 
therefore, be expected in the modes corresponding to these geometrical parameters, i.e. in 
the torsional mode and/or in the umbrella mode. Note however, that the normal modes 
of ground and excited state DPA are not 'pure local modes' and especially the torsional 
motion and the wagging motion show a strong mixing, that is different for the ground and 
excited state. 
It іь interesting to understand which motions are associated with the low-frequency 
modes that are most active in the electronic spectrum. All lines below 300 cm"1 in the 
spectrum of Η-DPA can be attributed to 4 fundamental frequencies (v\, v2, я, and 1/5 in 
table 4.1) and their overtones and combination bands. The 1/4-mode of DPA is of particular 
interest. This mode can not be identified in the Η-DPA spectrum, however it is clearly 
present in the D-DPA spectrum at 198.2 cm - 1 . A progression of overtone and combination 
bands is built on this mode. Interestingly, it is the only low-frequency mode for which 
calculations show a clear frequency shift upon deuteration. Applying this calculated shift 
to the experimental í/4-value of D-DPA results in an expected ^-frequency of 204 cm - 1 
loi II-DPA. Inspection of the Η-DPA spectrum shows lines around that frequency that all 
could be assigned to other bands or combination bands. It could therefore well be the case 
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that the ^-progression in Η-DPA is hidden under those other lines. 
Three of the fundamental frequencies are found to be below 100 cm - 1 . This is remark­
ably well reproduced in the calculations. The v\ vibrational line is hidden in the wing 
of the L>2, but its overtone and combination bands with v2 and ия can be recognized in 
the spectrum. The best evidence for the i/
r
mode is obtained from its clear appearance 
in the spectra of the vdW-complexes (see below). A further indication for its existence 
is inferred from a broad and weak spectral feature that is sometimes present « 35 cm - 1 
above the electronic origin of the Si <— So transition. If this feature is to be explained by 
a hot band transition, then it has to be a Δν—0 transition in a mode that has a ground 
state frequency « 35 cm - 1 lower than the corresponding excited state frequency. As there 
are no hot bands observed on the red side of the DPA origin, the observed hot band most 
likely involves the ΐΊ-mode; hot bands involving the v2 and f3-modes would be expected 
to appear on the red side of the origin (Δν= -1) as well. As the excited state frequency 
of the i/i-mode is 59.1 cm - 1 , the corresponding ground state frequency is around 24 cm - 1 . 
This number is surprisingly close to the calculated lowest frequency of the ground state of 
26 cm - 1 . 
The agreement between experiment and calculation is a strong indication that the first 
three experimentally observed excited state frequencies can be attributed, in terms of local 
modes, to the 'umbrella mode' and the in-phase phenyl-ring 'wagging' and 'torsion' modes 
(in random order). It is, however, hard to decide exactly what motion belongs to which 
experimental frequency. Strict symmetry arguments can not be used due to the lack of 
molecular symmetry in the electronic ground state. Replacing the hydrogen atom at the 
nitrogen with a deuterium atom does help identifying modes that involve motion of this 
atom. There is, however, hardly any motion of this atom in the lowest three modes. 
Nevertheless, arguments can be made for the identification of the V\ with the 'umbrella 
mode'. Clear symmetries will lead to tight selection rules, approximate symmetries may 
yield propensity rules. The ground state geometry has Ci symmetry due to the pyramidal 
structure around the N-nucleus. Visual inspection, however, shows that the molecule has 
almost C2 symmetry. We therefore would expect transitions from the vibrationless level 
in the So-state (approximate Α-symmetry) to Si-modes with Α-symmetry to have larger 
intensity than transitions to modes with B-symmetry. In the experimental spectrum, 
we have one weak (l'i) and two strong (y2 and 1/3) modes. This can be compared to 
the calculations where two of the three calculated low-frequency modes have A-symmctry 
while one has B-symmetry. It therefore seems likely that the 1/1-mode corresponds to the 
calculated 74 cm - 1 , B-symmetry 'umbrella mode'. In addition, overtone and combination 
bands of the ι-Ί-mode are seen to have appreciable intensity in the REMPI spectrum. 
This is consistently explained by the increasing amount of A character in these bands. In 
addition, the fi-mode is more clearly present in the spectra of the vdW-complexes than in 
spectra of uncomplexed DPA. This is due to two effects. First, the v
x
 is spectrally better 
resolved from the v2 as a result of the frequency shifts of the modes upon complcxing (see 
next section). Second, the C2 symmetry of the excited state is broken in the complex, 
thereby making transitions to the i^-mode less forbidden. 
The frequency v2 can then be identified either with the 'torsion mode', or with the 'wag-
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ging modo'. Strongly active modes in the 60 cm - 1 range have been observed for biphenylic 
species in other studies [7, 8, 9, 11] These are usually attributed to torsional motion of 
tlic1 phenyl rings. The experiment presented here does not give direct information on the 
motion involved in the i/2-mode. On the basis of a comparison between the experimental 
and calculated Si-state frequencies one might conclude in favour of the wagging mode. 
It is therefore difficult to decide whether the i^-mode corresponds to the 'wagging mode' 
and the г/3-mode to the torsion or vice versa and the nature of these two modes remains 
unclear. Further studies using isotopically substituted species might clarify this point. 
4.5.2 Van der Waals complexes with diphenylamine 
Several modes of the complexes are assigned as van der Waals modes. An assignment of 
vdW-modes in terms of bending and stretching modes has been an important objective 
of many studies. This is difficult, however, because floppy, large amplitude motions are 
involved, rather than clear bending and stretching motions. This is recently pointed out 
in a comprehensive study on the benzene-Ar van der Waals complex [35]. 
The electronic origin in all spectra are red shifted relative to the monomer. This is 
commonly interpreted as the rare gas atom being positioned on top of an aromatic ring 
[30]. An interesting observation from the spectra is the stiffening of the intra-molecular 
low-frequency modes upon complexing. Usually, the presence of a vdW-bonded rare gas 
atom does not influence the normal mode frequencies of the molecules to a large extent. A 
weak coupling between the modes within DPA and the vdW-modes of the rare gas atom 
can change the frequency of these modes, as in a system of coupled oscillators. We would 
expect the mode with the largest relative motion between the phenyl ring and the rare 
gas atom to couple most efficiently and therefore to exhibit the largest frequency shift. In 
the previous section we concluded that the lowest three mode frequencies involve motions 
of the phenyl-rings relative to the frame of the molecule. We would expect the frequency 
shift to differ for these three modes. Interestingly, in the vdW-complex the ivmode is 
now clearly separated from the 1/2-mode. That is consistent with the i^-mode being the 
umbrella mode, since this mode has a lower amplitude phenyl motion than the torsion or 
wagging mode. 
In addition to a change in frequency of the low-frequency intra-molecular vibrations, 
the intensity distribution in the spectra is changed as well. It is also observed that extra 
lines appear in the spectrum, and several hundred wavenumbers above the origin individual 
linos can no longer be resolved. This is partly due to the change in symmetry of the excited 
state, and the mixing of the intra-molecular modes with the vdW-modes, but might also 
be due to a shorter lifetime of the Si-state for the complex. 
4.6 Conclusions 
Vibrationally resolved electronic spectra of diphenylamine arc measured in a laser desorp-
tion jet cooling molecular beam spectrometer. The Si <— So excitation spectrum of DPA is 
dominated by long progressions in low-frequency vibrational modes that involve the motion 
oí the two phenyl rings relative to the frame of the molecule. Ab initio calculations have 
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been performed on the geometry and the vibrational properties of DPA in both the So and 
the Si-state. 
The calculations show that DPA changes from a pyramidal equilibrium geometry around 
the N-atom with unequal torsional angles of the phenyl rings around the C-N bonds (C! 
symmetry) to a planar geometry around N with equal torsional angles (C2 symmetry) in 
the Si 4— So transition. This is the result from a (π' <— η) electronic excitation that 
effectively changes the sp3 configuration around N to a sp2 configuration. Experiment and 
calculations agree on five low-frequency phenyl ring motions below 300 cm - 1 , with three 
of them below 100 cm - 1 . These three normal modes are mixtures of the local 'umbrella', 
'in-phase ring torsion', and 'in-phase ring wagging' modes, and are mixed to a different 
extent in the two electronic states. The lowest frequency mode in the Si-statc at 59.1 cm - 1 
is assigned to the 'umbrella' or 'inversion mode'. The corresponding mode in the So-state 
is around 24 cm - 1 . No clear assignment on the other two modes below 100 cm - 1 in the 
Si-state (62.1 and 89.7 cm - 1) can be given. Ion dip measurements are performed to probe 
the ground state vibrations. A mode at 51.2 cm - 1 is found that is the counterpart of the 
excited state 62.1 cm_1mode. 
From the REMPI spectra of the van der Waals complexes of DPA with Ar, Kr, and Xe 
we conclude that the rare gas atom sits on top of a phenyl ring. The van der Waals modes 
couple with the floppy ring motions which results in a marked frequency increase of the 
three low-frequency modes, as well as in different intensity distributions in the spectra. 
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Appendix 
Table 4.4: Experimentally observed lines in the excitation spectrum of the first electronically 
excited singlet state of diphenylamine (DPA, mass 169 Da) The frequencies are given in 
wavenumbers relative to the electronic origin of DPA at (32461 7 ± 0 1) c m - 1 The intensities 
are relative to the intensity of the electronic origin, which is set to 100 '(s)' denotes a shoulder 
In the assignment a ' + ' denotes a combination band, and the mode that is expected to have 
the largest contribution to the line is mentioned first 
freq 
0 0 
59 1 
62 1 
89 7 
116 6 
1 2 1 3 
124 1 
148 1 
152 1 
178 8 
183 0 
185 7 
205 7 
210 3 
214 0 
223 8 
237 2 
240 9 
244 8 
247 2 
267 7 
270 0 
272 4 
275 3 
285 5 
294 1 
300 4 
302 3 
intensity 
100 
166 
64 
7 
11 
142 
5 
75 
28 
15 
96 
5 
8 
64 
4 
4 
32 
11 
55 
13 
6 
7 
39 
8 
3 
44 
27 
(s) 
(s) 
(s) 
(s) 
(s) 
(s) 
(s) 
(s) 
(s) 
mode 
origin 
v\ 
"2 
Vi 
2щ 
V\+V2 
2i/2 
1/1+1/3 
1/3+1/2 
21/3, 2u\+i>2 
V\+2U2 
"ÌV2 
2i/i+i/3, 1/4 7 
VÌ+V3+V2 
U3+2U2 
Vb 
v\ +2i/j 
21/3+1/2, 2v\-\-2v2 
Ui+3U2 
4i/2 
З1/3 
2^1+^3+1^2 
" l+f3+2l/2 
1/3+З1/2 
f5+^2 
2ι/ι+2ι/3 
ι/6, 1^1+2^3+1/2 
2u3+2i^2, 2vl+3i'i 
freq 
305 5 
307 8 
314 4 
325 6 
329 5 
3 3 1 1 
333 5 
336 6 
3416 
347 2 
356 0 
359 5 
362 8 
366 5 
368 4 
376 7 
379 6 
389 3 
392 4 
394 8 
397 5 
400 0 
402 3 
405 1 
408 4 
416 9 
418 2 
4216 
intensity 
11 (s) 
23 
9 
3 
12 
8 (s) 
7 
17 
18 
11 
6 
7 (s) 
58 
8 (s) 
18 
16 
4 (s) 
33 
14 
7 (s) 
8 
12 (s) 
44 
9 (s) 
16 
4 
5 
10 (s) 
mode 
"1 +4t*2 
5(^ 2 
" 5 + ^ 3 
1/1+З1/3 
3l/j+l/2 
2 І / ! + І / З + 2 І / 2 
« Л + і ^ + З і ^ 
I ^ + 4 I / ¿ 
i/r 
1/5+21/2 
4ι>3 
Ms+"i. і/і+2(/3+2г/2 
I/6+I/J, 2¡/¿+3v¿, 2 Í / ) + 4 I / 2 
«Ί+5ι/2 
6ι/2 
^5+^3+^2 
1<4+3ΐ/2 7 
1/6+^3. І/1+З1/3+І/2 
3ι/3+2ι^, 2і/і+;/з+3;
 2 
\+ ъ+4і>2 
Щ+Ъі>2 
? 
^7+1/2. \+2 \> 
? 
1/5+З1/2 
1/6+21/1 
4I/3+Í/2 
Ι/6+Ι/1+Ι/2. 1/ΐ+2ΐ/3+3ΐ/2 
continued оя next page 
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continued from previous page 
freq 
424 6 
428 8 
430 9 
434 1 
437 9 
4 4 1 9 
447 6 
4 5 1 4 
455 1 
459 5 
463 1 
466 8 
468 8 
477 0 
479 9 
482 5 
485 5 
488 7 
492 1 
499 1 
503 9 
512 7 
516 7 
528 1 
5319 
539 0 
542 0 
545 5 
intensity 
41 
19 
10 (s) 
6 
20 
26 
7 
56 
5 
60 
11 
19 
(s) 
(s) 
15 
47 
21 
9 
16 
(s) 
(s) 
mode 
1/6+2^2, 2 ^ 3 + 4 ^ 2 , 
2ί/ι+5ι^, v\ +6^2 
7^2 
i^+ з 
? 
ъ+ ъ-\-2
 2 
v% 
Ъ+Щ+ І 
И), Ъ+ З+ ?, 
ι^ι+3^3+2ι^, Ъ з+Ъ ъ, 
2i/i+u3+4i>2 
" і + ^ з + Э і ^ 
l 'io 7 
? 
Uf+2U2 
Ъ+Л 2 
щ+2
 3 
4 І / 3 + 2 І / 2 
" 6 + ^ 1 + 2 1 ^ 2 , \+2
 3+4 2 
^б+Зі/г, 2і/3+5і/2 
8і/2,
 7 
Щ+ ъЛ- 2 
ь + з +3^2 
1^8+1^2 
ь+ з+2 2, ^ і + З ^ з + З г, 
Зі^з+4і/2 
? 
і^+Зі/г 
1^8+^3. ^5+5і^2 
ν§+2ν3+ι>2 
4i/3+3f2 
і^б+^і+Зі^, ^ і + г і / з + б і ^ 
freq 
547 7 
552 0 
556 7 
5616 
565 6 
574 0 
589 0 
593 8 
600 4 
604 8 
607 4 
613 4 
616 3 
621 1 
626 9 
637 8 
642 7 
644 5 
650 2 
655 3 
669 8 
673 8 
683 1 
687 7 
703 3 
716 4 
734 0 
764 1 
794 7 
823 1 
intensity 
(s) 
30 
6 
(s) 
41 
5 
19 
35 
5 
6 
25 
(s) 
11 
6 (s) 
3 
16 
30 
7 
17 
13 
10 
16 
9 
11 
8 
mode 
1^6+4^2, 2 f3+6i/2 
V\2 
1^+1/3+2^2 
l^+l/3+Av¿ 
i/g+2t/> 
¿'в+^з+Зь'г \ + Ъ І + 4 2, 
Зь'з+бь'г 
І/7+4і>2 
+Vì+Vl 
Vf,+2ii\+2v-2, 2ub 1 
щ+ \+Ь г, !/і+2і/з+бг/2 
/•'б+бь'г, 7 
^ 1 2 + ^ 2 
І ^ + ^ З + З ^ І 
Щ+2 >, 
Щ+Ъ 2 
щ+ г+Ь ъ, Зі/з+б^г 
И 2 + " 3 . ь+ і ~і 
V(,+2u¡+2u2 
т\-Ь 2 
VS+V3+2V2 
1*6+6^2 
1/12 + 2^2 
f 8 + 2 f 3 + f 2 . 2ΐ/γ 7 
ν» +4ι/ 2 
V\2+Vì+V2 
^в+^з+Зі^г 
Í/12+3I/2 
Иг+ь'з+З^г 
^ 1 2 + 4 ^ 2 
і Л г + ^ з + З і ^ 
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Table 4.5: Experimentally observed lines in the excitation spectrum of the first electronical­
ly excited singlet state of deuterated diphenylamine (CeHs^ND (D-DPA, mass 170 Da) 
The frequencies are given in wavenumbers relative to the electronic origin of D-DPA at 
(32457 3 ± 0 1) c m 4 , which is ( 4 4 ± 0 1) c m - 1 red-shifted from the origin of DPA The 
intensities are relative to the intensity of the electronic origin, which is set to 100 '(s)' de­
notes a shoulder In the assignment a ' + ' denotes a combination band, and the mode that is 
expected to have the largest contribution to the line is mentioned first 
freq 
00 
58 6 
62 1 
89 9 
116 2 
1213 
123 7 
148 5 
1519 
174 2 
178 3 
178 7 
182 2 
185 0 
198 2 
205 2 
210 4 
213 6 
223 9 
2311 
236 3 
239 8 
240 9 
243 5 
246 0 
260 2 
267 2 
267 8 
2716 
274 6 
intensity 
100 
12 
178 
63 
13 
19 
171 
7 
86 
5 
27 
28 
20 
130 
7 
8 
12 
73 
8 
5 
7 
21 
33 
22 
78 
10 
12 
13 
11 
49 
(s) 
(s) 
(s) 
(s) 
(s) 
(s) 
00 
00 
(s) 
mode 
origin 
V\ 
v-i 
"3 
21/1 
Ui+U2 
І 2 
Щ+ 3 
V3+V2 
3i/i 
2(/i+i^ 
2u3 
fi+lvi 
З1/2 
1/4 
2ui+w3 
V\+V3+V¿ 
f3+21/2 
"5 
4l/! 
V\+2v3, 3 l / i + f 2 
2i/i+2i>2 
2UÌ+V2 
\+Ъі>2 
4L>2 
Щ+ 2 
2^1+b'3+l '2 
З^з 
v\ + -І+2
 2 
^+Ъ 2 
freq 
285 3 
287 6 
294 1 
297 6 
300 2 
ЗОН 
302 3 
303 8 
306 3 
314 5 
3210 
328 3 
329 8 
332 8 
335 3 
346 6 
349 3 
358 6 
362 4 
363 5 
366 7 
376 5 
3818 
389 3 
393 7 
397 0 
406 9 
410 4 
intensity 
15 
10 
3 
9 (s) 
51 
? 
28 
22 (s) 
40 
14 
16 
11 (s) 
13 
И (s) 
28 
30 
18 
11 (s) 
80 
(s) 
18 
27 
21 
38 
12 
22 
30 
20 
mode 
ν5+1/2 
Щ +1/3 
2vi+2u3 
l/l+2l/ 3+l/ 2, 3l/!+2l/2 
Щ 
2 \+Ъ 2 
2г/з+2і/2 
V\+bV2 
5l/2 
t/5+1/3 
\- 2
 г 
2і/і+і/з+2і*2 
3^3+1/2 
\+ ъ+Ъ % 
I/3+4l*2 
Vb+2v¿, 7 
Щ+Щ+"2 
Ц;+і/і. i/ i+2t/3+2i/ 2 
3l/l+3l/2 
u6+i/2. 2ι^ι+4ι/2 
2і/з+Зі/2, ui+Si/2 
61/2 
Ъ+ З+ 2, 7 
l/4+3t^2, 7 
f e + i / j , 2 ι / ι + ι / 3 + 3 ι ^ 
3l/3+2l*2 
V\+Vì+4l>2 
І/3+5І/2, 7 
І/5+ЗІ/2, 7 
Vi+V3+2u¿, 7 
continued on next page 
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.. .continued from previous page 
freq. 
420.8 
424.0 
437.6 
442.5 
444.0 
450.9 
473.5 
477.4 
481.8 
495.1 
504.2 
512.1 
532.7 
538.8 
545.9 
549.1 
565.1 
572.7 
594.2 
intensity 
15 
63 
35 
35 
21 (s) 
49 
14 
22 
13 (s) 
34 
63 
37 
19 
20 
15 
63 
47 
14 
24 
mode 
^6 +VI+IS2, 2 \+Ъі>2 
t/6+2i/2, 2i/3+4iV2, 7i*> 
Vb+Vî+2V2, ? 
Щ 
щ+4
 2 
^ б + ^ з + ^ г . Зі/з+Зі^ 
щ+ з+Ъ г. ? 
І/6+2І/З, ъ+2 \+ 2 
V&-\-Vi+2u2 
f6+3l^2, 2^3+5^2 
ІУВ+^ 
ь+ з+і ъ 
»+ з 
6+2 3+ 2, ъ+2и\+2 2 
б+4і/2 
fl2 
V8+2l*2 
ъ+ ъ+З ъ 
VS+VÌ+V2 
freq. 
600.1 
605.0 
610.5 
626.9 
634.0 
638.1 
655.0 
671.2 
687.7 
698.8 
716.6 
731.4 
743.4 
759.0 
789.4 
804.5 
818.3 
832.1 
849.2 
intensity 
22 
13 
90 
28 
11 
17 
15 
74 
16 
18 
13 
51 
27 
12 
24 
25 
13 
10 
21 
mode 
2і/ 6 ? 
Vb+bV2 
1/12+^2 
% + 3^2 
Щ+ З+^1 
I/12+f3 
V%+Vî+2V2 
\1+2 2 
l'8+4f2 
и+ з+^ 
ЬЪ+КЭ+Зі^ 
\1+Ъ 2 
v»+v<¡ 
1^12+^3+2^2 
«Ί2+4"2 
vs+v6+u2 
" і г + ^ + З і ^ 
Щ+ б+ З 
\2+Ъ 2, \ъ+ ъ, ? 
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Table 4.6: Experimentally observed lines in the excitation spectrum of the first electronically 
excited singlet state of the DPA-Ar van der Waals complex (mass 209 Da) The frequencies 
are given in wavenumbers relative to the electronic origin of DPA-Ar at (32436 7 _fc 0 3) c m - 1 , 
which is (25 0 ± 0 3) c m - 1 red-shifted from the origin of DPA The intensities are relative 
to the intensity of the electronic origin, which is set to 100 '(s)' denotes a shoulder In the 
assignment intra-molecular vibrational modes are denoted with ut, while ω, denotes a van der 
Waals mode A ' + ' denotes a combination band, and the mode that is expected to have the 
largest contribution to the line is mentioned first 
freq 
0 0 
12 1 
24 1 
30 6 
59 0 
61 5 
66 0 
89 1 
90 8 
94 3 
119 1 
1215 
124 5 
125 8 
130 9 
152 6 
153 7 
159 6 
183 9 
187 2 
191 1 
195 7 
214 4 
216 9 
intensity 
100 
4 
7 
7 
25 
14 
103 
16 
8 (s) 
46 
11 
19 
22 
17 
62 
19 
17 (s) 
48 
13 
23 
16 
23 
10 
12 
mode 
origin 
7 
Wl 
Ш2 
ω3 
Vi 
Щ 
ч+Ш\, Ш2+0>3 
? 
ъ 
2шз, Vi+U\, 1/2+<^1+Ш2. ι 
7 
Ш3+1>2 
l'I+1*2 
2 г 
ІУЗ+ІЧЗ 
х+ $, 2vi+U)\ 
-)+ 2, І 2+Ш2 
из+ι^+ωι 
2 $, 2и2+Шъ, З+ 2+Ш2, 7 
ΐΊ+2ι/2 
3^2 
i/3+2u>3, 7 
^ з + ^ г + ^ з 7 
freq 
219 6 
224 2 
246 0 
252 8 
259 8 
280 1 
283 6 
289 2 
300 9 
304 5 
3117 
316 7 
318 9 
324 4 
337 0 
344 1 
358 9 
366 0 
370 1 
376 3 
383 5 
393 7 
430 7 
intensity 
14 
25 
12 
16 
11 
9 
9 
12 
27 
7 
8 
8 
9 
5 
7 
7 
6 
16 
6 
7 
5 
11 
9 
mode 
Vl+W)+V2, 7 
f 3 + 2 f 2 
2іл)+шз 
2^3+1/2 
4i/2 
Зі^ з 
і/3+2і/2+Шз, 7 
^ 3 + 3 ^ 2 
Vfi 
2f3+2u>3
7 
21/3+1/2+0)3 
2i/3+2tA> 
7 
5 V2 
7 
3 f 3 + ^ 2 
Ц > + ^ 3 
1/6+^2 
7 
7 
2^3+31/2 
V&+V3 
V6+2L>2 
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Table 4.7: Experimentally observed lines in the excitation spectrum of the first electronically 
excited singlet state of the DPA-Kr van der Waals complex, recorded on mass 253 and 255 Da. 
The frequencies are given in wavenumbers relative to the electronic origin of DPA-Kr at 
(32419.1 ± 0.3) c m - 1 , which is (42.6 ± 0.3) c m - 1 red-shifted from the origin of DPA. The 
intensities are relative to the intensity of the strongest line, 1*2, which is set to 100. '(s)' 
denotes a shoulder. In the assignment intra-molecular vibrational modes are denoted with и
г
, 
while ω3 denotes a van der Waals mode. A ' + ' denotes a combination band, and the mode 
that is expected to have the largest contribution to the line is mentioned first. 
freq. 
0.0 
23.4 
61.2 
65.0 
66.6 
89.0 
94.6 
118.1 
126.1 
127.5 
129.9 
132.1 
154.3 
intensity 
96 
18 
25 
54 (s) 
100 
35 
60 
17 
27 
28 
61 
76 
35 
mode 
origin 
U>\ 
V\ 
Шз 
v2 
f 2 + i ^ l 
Vb 
1^3+^1 
v\ +ω 3 
V\+V2 
1/2+ω 3 
2V2 
2f2+U>l 
freq. 
155.5 
159.1 
160.8 
183.9 
188.9 
190.1 
191.3 
194.9 
196.7 
216.1 
220.3 
223.7 
226.0 
intensity 
40 
42 (s) 
69 
25 
34 
29 
29 
33 
38 
24 
23 
27 
27 
mode 
" 1 + ^ 3 
Κτ+ω,ι 
vì+ г 
I ^ J + l ^ + W l 
2i*j 
νχ+ν-ιΛω^ 
V\+2.V2 
І 2+ШЗ 
TiV'i 
? 
\+ %Л- -і 
b"3+l*2+ti>3 
1/3+2^2 
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Table 4.8: Experimentally observed lines in the excitation spectrum of the first electronically 
excited singlet state of the DPA-Xe van der Waals complex, recorded on mass 298, 300, and 
301 Da The frequencies are given in wavenumbers relative to the electronic origin of DPA-Xe 
at (32395 5 ± 0 3) c m - 1 , which is (66 2 ± 0 3) c m - 1 red-shifted from the origin of DPA 
The intensities are relative to the intensity of the electronic origin, which is set to 100 '(s)' 
denotes a shoulder In the assignment intra-molecular vibrational modes are denoted with vu 
while ω3 denotes a van der Waals mode A ' + ' denotes a combination band, and the mode 
that is expected to have the largest contribution to the line is mentioned first 
freq 
00 
24 0 
62 3 
64 7 
65 9 
67 1 
68 0 
68 9 
87 9 
90 8 
96 4 
120 2 
129 2 
130 2 
intensity 
100 
23 
27 
47 
47 (s) 
97 
71 (s) 
34 (s) 
19 
33 
39 
15 
25 (s) 
37 
mode 
origin 
U>l 
Vl 
U>3 
? 
v2 
? 
? 
ωχ+шз 
щЛ-ы\ 
ъ 
fS+ωι 
l'I+1/2 
? 
freq 
1314 
132 4 
133 6 
158 8 
160 2 
1616 
164 0 
192 3 
195 2 
199 2 
225 2 
227 1 
229 7 
intensity 
37 
42 
42 
22 
32 
23 
33 
21 
25 
31 
17 
24 
19 
mode 
V2+U3 
? 
2v2 
\+ ъ 
еч+ω·) 
1/3+1/2 
2
 ъ 
v\ +2i/-¿ 
Ъ -i 
\+ г+ і 
I^3+l^+W3 
г/з+2і/2 
5 
A demonstrat ion of the 
Franck-Condon principle upon ionisation 1 
Abstract 
ЛчЬгаиопаІІу resolved ionization probabilities have been recorded for laser-desorbed jet-
tooled diphenylamine (DPA) via the recently developed 'mass analysed threshold ionisa­
tion' (ΜΑΤΙ) technique The observed ΜΑΤΙ spectra from selected laser prepared vibra­
tional levels in the first electronically excited singlet state Si of DPA clearly demonstrate 
the Franck-Condon principle upon ionisation. The shape of the vibrational wavefunction 
in the intermediate electronic state is seen directly reflected in the spectra 
adapted from MG H Boogaarts, Ρ С Humen, and G Meijer, Chem Phys Lett 223 (1994), 537 
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5.1 Introduction 
The excitation spectrum of the first electronically excited singlet state Sx of diphenylamine 
(DPA) is dominated by low-frequency vibrational modes (see chapter 4). These vibrations 
involve the motion of the phenyl-rings with respect to the frame of the molecule. The 
most prominent vibrational mode has a frequency of 62.1 cm - 1 and exhibits a long Franck-
Condon progression. From the normal-mode analysis in chapter 4 (section 4.4.2) it is 
known that the three lowest frequency normal-modes are mixtures of the local 'umbrella', 
'in-phase ring torsion', and 'in-phase ring wagging' modes. 
According to the Franck-Condon principle, the relative intensities of vibronic transitions 
in molecules are determined by the overlap integral of the vibrational wavefunctions of the 
levels coupled in the transition. A long progression in a vibrational mode is an indication 
for a large change in the equilibrium geometry of the molecule in the transition along 
the corresponding vibrational coordinate. The frequency of the vibrational mode in the 
electronic ground state So that has similar characteristics to that of the 62.1 cm - 1 mode 
in the Si-state, is determined from ion-dip measurements to be 51.2 cm - 1 . To learn more 
about the geometrical, vibrational, and electronic structure of DPA and about the changes 
that occur in electronic transitions in this molecule, it is very interesting to know the 
characteristics of the corresponding vibrational mode in the ground state of the DPA 
cation. 
To determine the vibrational structure of (positive) molecular ions one has to record 
vibrationally resolved ionisation probabilities. This can be done via 'mass analysed thresh­
old ionisation (ΜΑΤΙ) spectroscopy', which is a method developed in 1991 by Zhu and 
Johnson to determine the spectrum of molecular ions [1]. The ΜΑΤΙ method is in many 
respects very similar to 'zero kinetic energy (ZEKE) photo-electron spectroscopy' devel­
oped by Miiller-Dethlefs and coworkers [2]. The method is visualized in figure 5.1. When 
an ionisation laser is scanned in frequency over the energy gap between a level in the neu­
tral molecule and the ionisation potential (IP) of the molecule, a measurement of the ion 
yield as a function of the laser frequency will result in a typical photo-ionisation efficiency 
(PIE) spectrum like the one indicated in figure 5.1 (upper trace). When the ionisation laser 
reaches the first ionisation threshold (IP), there will be a step in the ion signal. Reaching 
higher ionisation thresholds will yield additional steps in the ion signal, but these are usu­
ally not recognized due to limitations in the signal-to-noise ratio that can be achieved for 
the ion signal. 
Both the ΜΑΤΙ and the ZEKE technique take advantage of the selective detection 
of long-lived highly excited molecular Rydberg states to signal an ionisation threshold. 
Every ionisation threshold marks a bound level in the molecular ion and has a series 
of Rydberg levels converging to it. These high Rydberg states of the neutral molecules 
can therefore be used to determine the energetic positions of the bound ionic states. A 
selective measurement of the high Rydberg states will then result in a spectrum with 
lines against zero background with a frequency spacing that is a direct measure of the 
vibrational frequency in the molecular ion, as indicated in the lower trace of figure 5.1. 
The practical realization of such a selective high Rydberg detection scheme is described 
in the experimental section. The difference between the ZEKE and ΜΑΤΙ technique is 
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| Rydberg series 
E(n) = E(v i o n )-
IP: 
s 0 ; S i 
( η - δ ) 2 
Ionisation laser scan: 
'direct' ions 
IP 
high η Rydberg neutrals 
A 
/ \ Л л
 э 
increasing energy 
F i g u r e 5 . 1 : Schematic outline of the mass analysed threshold ionisation (ΜΑΤΙ) method 
that takes advantage of the selective detection of long-lived highly excited molecular Rydberg 
states to signal an ionisation threshold. Every ionisation threshold marks a bound level in the 
molecular ¡on and has a series of Rydberg levels converging to it. These high Rydberg states 
can be used to probe the bound ionic states. 
that in ZEKE spectroscopy electrons are detected, while in ΜΑΤΙ spectrosopy ions are 
detected. An advantage of ΜΑΤΙ compared to ZEKE, therefore, is the mass selectivity 
that is obtained by application of the technique in a time-of-flight (TOF) set-tip. This is 
particularly important in the case of ionisation threshold measurements on clusters where 
the ΜΑΤΙ technique can lift the ambiguity on the origin of the signal. 
In this chapter we report the experimental ΜΑΤΙ spectra from selected laser prepared 
vibrational levels in the Sj-state of DPA. These ΜΑΤΙ spectra are a clear demonstration 
of the Franck-Condon principle upon ionisation; the shape of the vibrational wavefunction 
in the intermediate electronic state is seen directly reflected in the spectra. 
5.2 Experimental 
The experiments are performed in the laser desorption jet cooling mass spectrometer that is 
described in detail in chapter 2 [3]. In this spectrometer DPA is desorbed with a laser pulse 
from a sample substrate that is positioned close to the orifice of a pulsed jet expansion. 
An unfocussed frequency-doubled Nd:YAG laser (Spectra-Physics, GCR-11) with a 107 
W/cm2 fluence is used for desorbing the DPA from a piece of activated carbon that can 
contain a large quantity of DPA. The pulsed valve (R.M. Jordan Co., Pulsed Supersonic 
102 Chapter 5 
Valve) is operated with a 2 bar Ar backing pressure and delivers 30 μ& duration gas pulses 
at a repetition rate of 10 Hz The laser-desorbed molécules are entrained in the argon 
jet and their internal energy is efficiently reduced by multiple collisions in the expansion 
region, ro-\ibrational temperatures comparable to temperatures obtained in 'conventional' 
molecular beam seeding experiments are obtained with this laser-desorption approach [4] 
Laser excitation of DPA to the Si-state is performed with a frequency-doubled pulsed dye-
laser (Spec tra-Physics, PDL-2) in the 309-305 nm region In the experiments reported here 
selected vibrational levels of the 62 1 c m - 1 mode in the Sj-state of DPA are prepared with 
the dye-laser A second frequency-doubled dye-laser (Spectra-Physics, PDL-3) is used in 
the 390-365 nm region for subsequent ionisation of the DPA molecules, and parent cations 
arc mass-selectively detected in the Wiley-McLaren type linear time-of-flight (TOF) mass 
spectrometer (see chapter 2) 
Mass analysed threshold ionisation (ΜΑΤΙ) spectroscopy is performed to accurately 
determine the vibrational state resolved ionisation probabilities out of selected levels of 
the 62 1 cm J mode in the Si-state A variety of experimental approaches to enable 
selective detection of the long-lived high Rydberg states in a T O F set-up have alreadv 
been demonstrated [1, 5, 6, 7, 8] In the linear T O F set-up of the laser desorption jet 
cooling spectrometer ΜΑΤΙ is applied according to the scheme depicted in figure 5 2 
The (unfocused) excitation and ionisation laser beams have a 1 5 mm beam diameter 
and are spatially overlapped, intersecting the molecular beam midway between the extrac­
tion plates of the mass spectrometer (indicated by the small circle in figure 5 2) The 
lifetime of the Si-state has been determined by scanning the time-delay between excita­
tion and ionisation laser Two-colour ionisation signal is only observed when the two light 
pulses overlap in time It is therefore concluded that the lifetime of the excited state has 
an upper limit of 5 ns This short lifetime is due to rapid intersystem crossing (ICS) to 
triplet states [9] In solution, a fluorescence lifetime of singlet excited DPA of 3 ns has 
been determined [10] Hence, a good temporal overlap of the approximately 5 ns pulses is 
also crucial 
Direct ions may be produced in the laser interaction region when the ionisation laser 
is scanned in frequency over the ionisation onset of the sample molecules and further into 
the ionisation continuum In addition highly excited Rydbeig neutrals, belonging to series 
that converge to bound levels in the ion, may be produced when the frequency is right, ι e 
when the total energy used for ionisation is just below the energy of a bound ionic level 
The directly produced photo-ions, the so-called prompt ions, are spatially separated fiorn 
the Rydberg neutrals by an electric bias field of typically 2 V/cm in the extraction region 
Го be able to contiol this, the stray electric fields must be suppressed to values at least 
one order of magnitude lower, which is accomplished by the construction details mentioned 
in section 2 3 of chapter 2 From the ΜΑΤΙ measurements described in this chapter the 
stray fields in the extraction region are estimated to be less than 0 1 V/cm A time-delay 
of typically 8 μδ is used to get sufficient spatial separation of the Rydberg neutrals and 
the prompt ions with still moderate bias fields The experimental geometry prevented us 
from using time-delays longer than 10 /ÍS due to the escape of prompt ions and Rydberg 
neutrals from the ion-extraction region 
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prompt ion reflector 
detection (MCP) 
к 
• г 
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repeller 
OV 
3360 V 
V, = 3200V + Д (І) 
Д 
400 V 
time of 
excitation 
t(j = 8 μβ 
r~r 
F i g u r e 5.2: Schematic representation of the ion-optics and the time-dependent extraction 
fields used to make background-free detection of the field-ionised Rydberg neutrals possible 
Ions as well as Rydberg neutrals are produced between the extraction plates of a linear TOF 
mass spectrometer at the position indicated by the circle After a time-delay of 8 ßs an 
extraction pulse is applied to field ionise the Rydberg neutrals and to accelerate the ions 
towards the detector Both the trajectories of the prompt ions (solid curve) and of the 
(field-iontsed) Rydberg neutrals (dashed curve) are indicated The static ion reflector makes 
background-free detection of the ΜΑΤΙ ions possible 
After the time-delay a voltage pulse of up to 400 V/cm is applied to held ionise the 
highly excited Rydberg neutrals and to accelerate both the piompt ions as well as the 
pulsed field ionised (PFI) Rydberg molecules towards the ion detector that is placed 60 cm 
further Figure 5 2 schematically indicates the trajectories of the prompt ions (solid line) 
and the pulsed field ionised Rydberg molecules (dashed line) The spatial separation of the 
prompt ions and the pulsed field ionised Rydberg molecules results in a potential energy 
difference between the two ion groups after the pulsed extraction field is switched on This 
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energy difference is used to discriminate against the unwanted prompt ions by applying a 
proper voltage to the ion reflector at the end of the drift tube. In this way background 
free detection of the field-ionised highly excited Rydberg molecules is possible and bound 
levels of the molecular ion can be probed. 
In practice it will be impossible to fulfill the space-focussing condition for the pulsed 
field ionised Rydberg molecules and the prompt ions at the same time, and the mass 
resolution of the TOF-spectrometer will always be lower in doing ΜΑΤΙ measurements. 
This can be turned to advantage by using the slightly different arrival times of the two ion 
groups to discriminate between them, a method that is explicitly used by Jouvet et al. [5]. 
This method, however, is found to be experimentally less satisfactory than selection based 
upon kinetic energy, mainly because the signal arising from the field ionised high molecular 
Rydberg states is usually 1 to 4 orders of magnitude smaller than the prompt ion signal, 
and will be swamped by it [11]. 
5.3 Results and discussion 
Figure 5.3 compares the photo-ionisation efficiency (PIE) spectrum of DPA (upper panel) 
with the ΜΑΤΙ spectrum (lower panel). It is in a way the experimental version of the 
explanatory figure 5.1 and clearly shows the virtues of the ΜΑΤΙ method. Both the PIE 
and the ΜΑΤΙ spectrum are recorded by scanning the ionisation laser, starting from the 
vibrationless level in the Sostate that is prepared by excitation of DPA on the origin of 
the Si «— So transition at (32461.7 ± 0.1) cm - 1 . In the PIE spectrum the total ion yield 
is simply measured as a function of the ionisation laser frequency, without the application 
of either an electric bias field in the ion extraction region or a voltage on the ion reflector 
at the end of the drift tube. Photo-ions are produced in a zero-applied electric field and 
ion extraction is performed with an electric field pulse 100 ns after photo-ionisation. The 
PIE spectrum does not show a sharp ionisation onset and, therefore, no accurate value 
for the IP of DPA can be determined from this spectrum. Note that the horizontal scale 
of the PIE spectrum comprises more than 1500 cm - 1 . The slow ionisation onset of DPA 
starting from the vibrationless Si-state level is already an indication for the favourable 
Franck-Condon overlap of this level with many vibrational levels in the electronic ground 
state of the DPA cation. The ΜΑΤΙ spectrum in the lower panel of figure 5.3 is recorded 
with an electric bias field of 2 V/cm, a time-delay of 8 /ÍS between the laser pulses and the 
field-ionisation/extraction pulse, and a 3360 V potential on the ion reflector. The ΜΑΤΙ 
spectrum shows a long progression of up to 15 quanta in one vibrational mode with a 
frequency spacing of 53 cm - 1 . Evidence for the correct setting of the reflector voltage is 
inferred from the ΜΑΤΙ signal that returns to zero in between peaks. 
ΜΑΤΙ spectra recorded after preparation of other levels of the 62.1 cm - 1 mode in the Si-
state of DPA, are also dominated by this 53 cm - 1 vibrational mode. Figure 5.4 shows three 
different ΜΑΤΙ spectra that are recorded after selection of the v'=0, 1, and 2 levels of the 
62.1 cm - 1 vibration, as indicated in the figure. The quantum numbers of the vibrational 
states in the ion to which the observed Rydberg-series are converging, are indicated in 
the upper part of the figure. The frequency scale underneath the spectrum is the total 
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F i g u r e 5.3: Comparison between the photo-ionisation efficiency (PIE) spectrum of DPA 
(upper panel) and the ΜΑΤΙ spectrum (lower panel), both recorded from the vibrationless 
level in the Si-state of DPA. In the PIE spectrum the total ion yield is measured as a function 
of the ionisation laser frequency. The ΜΑΤΙ measurement selectively detects the field-ionised 
high Rydberg states of the neutral molecule. 
(two-colour) two-photon energy used in the excitation process from the vibrationless level 
of neutral DPA in its electronic ground state. From the combined set of ΜΑΤΙ spectra it 
is possible to decide on the position of the first ionisation threshold of DPA. The vertical 
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59200 59400 
F i g u r e 5.4: ΜΑΤΙ spectra recorded via the three lowest levels of the 62.1 c m - 1 vibration 
in the Si-state of DPA. The frequency of the corresponding vibration in the DPA cation 
is 53 c m - 1 . The probability distribution for the vibrational coordinate in the various laser 
prepared levels in the Si-state is directly reflected in the envelope of the ΜΑΤΙ peak intensities. 
The ionisation potential IP of DPA is at (58600 ± 5) c m - 1 . 
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dashed line indicates the position of the field-free adiabatic ionisation potential (IP) at 
(58600 ± 5) cm - 1 . 
The individual ΜΑΤΙ peaks are approximately 10 cm - 1 wide and comprise Rydberg-
levels in the η = 50-150 part of the series. The asymmetric line-shape is a result of the 
different cut-off mechanisms that apply for the high and low Rydberg levels. The bias field 
of £ V/cm in the laser interaction region forms the high-frequency (high n) cut-ofT of the 
observed Rydberg series. This static electric field will ionise a 'known' subset of Rydberg 
levels, namely those that are within 6%/f cm - 1 of the actual field-free IP [12, 13, 14, 15]. 
The sharpness of the cut-off at the high energy side is smeared out by the residual internal 
energy of the jet-cooled DPA molecules. The time-delay between the laser pulses and 
the field-ionisation/extraction pulse determines the low-frequency (low n) cut-off of the 
observed series of the Rydberg neutrals as the lifetime of the Rydberg-levels increases for 
increasing values of the principal quantum number n. 
There have been discussions in the literature on the actual scaling of the lifetimes of 
the high Rydberg states with the n, I quantum numbers [16] and it has been experimen­
tally demonstrated that the lifetimes of the high-lying Rydberg states are determined not 
only by wiramolecular nonradiative processes but also by ¿niermolccular Rydberg-ion or 
Rydberg-Rydberg interactions [17]. In the experiments reported here the total ion density 
in the extraction region was kept below 105 ions/cm3, but a substantial amount of highly 
excited Rydberg neutral molecules survived the 8 /ÍS time-delay under these experimental 
conditions. This might be explained by an increase in the effective lifetime of the Rydberg 
states due to /-mixing in the weak stray fields [14]. 
From the ΜΑΤΙ spectra shown in figure 5.4 it is concluded that the 53 cm - 1 mode 
has similar characteristics to that of the 62.1 cm - 1 mode in the Si-state, and that its 
vibrational potential is well described in a harmonic model. Although we are dealing 
with a rather large molecule, it is evident from the spectra that it represents a clean model 
system in which the geometrical change upon ionisation is predominantly along one normal-
coordinate, although this normal-coordinate is probably a mixture of local modes, rather 
than a pure local mode. There is a slight activity in a mode around 400 cm - 1 , indicated 
by an asteriks in the upper spectrum of figure 5.4, and the 53 cm - 1 progression is repeated 
on top of this mode. Although this 400 cm - 1 mode is present in all three spectra, it is 
especially evident in the ΜΑΤΙ spectrum starting from the v'=2 level as here it coincides 
with the second minimum in the overall intensity distribution in the ΜΑΤΙ spectrum. 
The shape of the vibrational wavefunction in the Si-state is seen directly reflected in the 
envelope of the peak intensities of the ΜΑΤΙ spectra of DPA as can be understood from the 
following. For high vibrational quantum numbers the vibrational probability distribution 
is peaked near the walls of the potential. Therefore, the overlap integral of this high 
vibrational level in the ground state of the ion with a vibrational level in the Sostate is 
effectively a measure of the probability density in the lower potential at the position where 
the upper level probability is peaked. So in a way, scanning over different vibrational levels 
in the ion (the upper potential) is mapping the square of the wavefunction in the Si-state 
of the neutral molecule (the lower potential) along the relevant vibrational coordinate. All 
three ΜΑΤΙ spectra show the peaks and nodes in their intensity envelope at the positions 
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expected on the basis of this reasoning. Figure δ.4 thereby forms a textbook example of 
the Franck-Condon principle upon ionisation. 
The data presented here explicitly show that the Franck-Condon description of vibron-
ic transition intensities even holds for excitation to high Rydberg-states of the neutral 
molecule, something that is not о prion evident as these Rydberg-states are not correctly 
described in the Born-Oppenheimer approximation. 
In the Born-Oppenheimer approximation it is assumed that the motion of the electron 
instantaneously adjusts to the motion of the heavy nuclei. The formal consequence of 
this is that the wavefunction of the molecule can be separated in an electronic part and a 
vibrational part, and that the relative intensities of vibronic transitions in molecules are 
determined only by the overlap integral of the vibrational part of the wavefunctions. The 
Born-Oppenheimer approximation is, however, not the only extreme condition where this 
is the case. An other extremum is the opposite condition when the electron movement is 
slow with respect to the that of the nuclei, which is the case in high Rydberg states of 
the molecule. This can be referred to as the 'inverse Born-Oppenheimer condition', which 
again leads to vibronic transition probabilities that follow the Franck-Condon principle. 
5.4 Conclusions 
Vibrationally resolved ionisation probabilities have been recorded for laser-desorbed jet-
cooled diphenylamine via the recently developed 'mass analysed threshold ionisation' tech­
nique. The observed ΜΑΤΙ spectra from selected laser prepared vibrational levels of the 
62.1 cm - 1 mode in the first electronically excited singlet state of DPA are dominated by a 
long Franck-Condon induced progression in a vibrational mode with a frequency of 53 cm - 1 . 
This vibrational mode is the counterpart of the 62.1 cm - 1 mode in the Si-state of DPA and 
the 51.2 cm - 1 mode in the electronic ground state. The long Franck-Condon progression is 
indicative of a large geometrical change of the molecule along the corresponding vibrational 
coordinate in the transition from the neutral Si-state to the electronic ground state of the 
DPA cation. The shape of the vibrational wavefunction in the intermediate electronic state 
is seen directly reflected in the ΜΑΤΙ spectra. These spectra are, therefore, a clear demon­
stration of' the validity of the Franck-Condon description for vibronic transition intensities 
ui)on ionisation. This is due to the 'inverse Born-Oppenheimer' approximation that holds 
for the high Rydberg-states of the neutral molecule that are accessed in the ΜΑΤΙ method. 
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High Rydberg states of DABCO: 
spectroscopy, ionisation potential, and comparison 
with mass analysed threshold ionisation 1 
Abstract 
Doubly-resonant excitation/vibrational autoionisation is used to accurately determine the 
ionisation potential (IP) of the highly symmetric caged amine 1,4 dia7abicyclo[2,2,2]octane 
(DABCO) The IP of DABCO excited with one quantum of the г/24(е') vibration lies at 
(59048 62 ± 0 03) cm - 1 , based on fitting 56 components of the np
xy Rydberg series 
(5 = 0 406 ± 0 002) to the Rydberg formula Rydberg state transition energies and 
linewidths are determined using standard calibration and linefitting techniques The IP 
determined from Rydberg state extrapolation is compared with that determined by 'mass 
analysed threshold ionisation (ΜΑΤΙ)' Effects of static electric fields on МАЛ signals 
measured for the high Rydberg states are discussed 
1
 Adapted from M G H Boogaarts, I Holleman, R Τ Jongraa, D Η Parker, G Meijer and U Even, 
J Chem Phys 104 (1996), 4357 
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6.1 Introduction 
Highly excited molecular Rydberg states have become an increasingly interesting research 
field, in part due to development of ZEKE (zero kinetic energy) photoelectron spectroscopy 
by Miiller-Dethlefs and Schlag [1], and of the mass-selective variant ΜΑΤΙ (mass anal­
ysed threshold ionisation) by Johnson and coworkers [2]. Both techniques can yield high-
resolution spectra [3] of molecular ions by detecting precursor molecular Rydberg states 
through pulsed field ionisation. The unexpected stability of these molecular Rydberg states 
as seen in ZEKE and ΜΑΤΙ experiments [4, 5, 6] has led to a number of different mod­
els [7, 8, 9], guided by the extensive work on atomic Rydberg states [10] and on simple 
diatomic systems [11, 12, 13, 14]. Highly excited molecular Rydberg states of larger poly-
atomics have also been studied [15, 16, 17, 18, 19] but very few molecules show resolvable 
Rydberg progressions with principal quantum numbers η > 50, which are the states probed 
by ZEKE/MATI. The highly symmetric caged amine DABCO (see figure 6.1) is an excep­
tion [20], and states with η up to 80 are observed here. 
One goal of this study is to compare the DABCO IP measured using Rydberg state 
extrapolation with that derived by the ΜΑΤΙ method. Previous comparisons, for example, 
for benzene [18] and ammonia [19] show disagreements which could possibly lie in the cali­
bration of either technique. Efforts are made to increase the accuracy by detection of higher 
Rydberg levels and by improving the calibration of the transition wavelengths. Transition 
linewidths are also more accurately determined in light of the remarkable differences found 
previously [20] between Rydberg state lifetimes implied from linewidths and from ZEKE 
time-delays. Furthermore, the effects of applied fields and time-delays between excitation 
and pulsed field ionisation on the observed Rydberg spectra are followed. Strong effects on 
the Rydberg spectra due to the small bias fields in the ΜΑΤΙ experiment are also observed. 
Rydberg states of DABCO have been the subject of a number of double resonance 
ionisation studies [15, 21, 22, 23, 24], the most extensive being those of Ito and cowork­
ers [15]. Our study follows the recent work of Even and coworkers [20] where ZEKE and 
double-resonance autoionisation were compared. Our results are in good agreement with 
the previous studies but focus on more accurate energy calibrations and on higher Rydberg 
levels where the effects of applied static fields are most observable. 
6.1.1 Energy levels and ionisation pathways 
Relevant energy levels and ionisation pathways for this study are given schematically in 
figure C.l. The first electronically excited state of DABCO results from excitation of a 
lone pair electron n(+)(ai) to a 3*' Rydberg orbital (a,). This 1A'1 <r-1A[ transition is 
one-photon forbidden in D3h symmetry but gains intensity through vibronic coupling with 
the nearby 3p
xy Rydberg state {}Е', 39830 cm - 1 ) . One-photon excitation at 271.78 nm 
is thereby possible to the Vw{ë) mode (1011.27 cm -1). This transition is chosen because 
it is one of the strongest in the one-photon spectrum and because it lies at a convenient 
dye laser wavelength. The electronically excited states of DABCO are all Rydberg in 
nature [25] and the ground state absorption spectrum is dominated by the npxy Rydberg 
series. The strongest Rydberg series studied here, arising from the 3s Rydberg intermediate 
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Figure 6 . 1 : Structure of 1,4 diazabicyclo[2,2,2]octane (DABCO) and the energy levels that 
are used in this study See the text for a detailed description. 
state, belongs also to the npxy series [23]. Weaker Rydberg series due to ns and nd orbital 
excitation [15] seen also in the spectra shown later are not analysed in this study. 
Vibrational autoionisation (Δν = -1) can take place from vibrationally excited (e') 
Rydberg levels lying above the vibrationless IPo [15]. In our experiment, levels with 
η > 11 converging to the i/24 level of the ion autoionise. Processes such as / and mt state 
mixing due to stray fields [7], collisions [26], or the presence of ions [9] can stabilize and/or 
destabilize the higher Rydberg levels against autoionisation. The stable states in our study 
are detected 6 /JS after excitation by pulsed field ionisation (PFI). 
6.2 Experimental 
For the DABCO measurements the laser desorption jet cooling mass spectrometer described 
in chapter 2 is used as a standard pulsed beam laser ionisation mass spectrometer [27] 
with mutually perpendicular molecular beam, laser beam(s), and linear time-of-flight axes. 
DABCO vapour at 40°C is seeded into a pulsed beam expansion of Ne which is skimmed 
before entering the ionisation region. Previous studies [28] indicate a DABCO rotational 
temperature of 2 K, and the absence of any interfering clusters [29] for the present beam 
conditions. 
Tunable counter-propagating pulsed (5 nsec pulselength) beams from two dye lasers, 
pumped by separate Nd:YAG lasers are used to first excite DABCO from the vibrationless 
ground state to the 1^ 4 vibrational level of the A' (3s) state followed by a second excitation 
step to the high Rydberg levels. The first (preparation) laser beam is frequency doubled in 
114 Chapter 6 
a KDP crystal and tuned to the maximum of the A 24¿ «— X transition at 271.78 nm [28]. 
This laser has a pulse energy of 0.5 mJ and a linewidth of 0.5 cm -1, which excites a 
range of J,К states up to J=K=5 [28]. Special calibration of the preparation laser was not 
necessary since the origin of the transition is already known to high accuracy (36794.501 ± 
0.007 cm-1) [28]. 
The laser used for excitation to the high Rydberg states is tunable in the 450-470 nm 
region (coumarin 460 dye pumped by 355 nm) with a linewidth of 0.08 cm - 1 . Minimal 
pulse energies (always less than 2 mJ) consistent with an acceptable signal-to-noise were 
used to avoid resonant two-photon ionisation and to minimize power broadening, which 
has been observed for the low Rydberg states (n < 30). Calibration of the excitation laser 
was done by simultaneously measuring the absorption spectra of 130Te2 in an oven operated 
at 450°C. Abundant absorption lines, tabulated to high accuracy (±0.001 cm - 1) [30] are 
available for 130Te2 in this energy region. 
The ion optics and pulse sequences used in the linear TOF mass spectrometer have 
been described in the experimental section of chapter 5 and the diagram in figure 5.2 also 
applies to the experiments described here, except for the values of the voltages and time-
delays. The extractor plate is now held constant at 1590 V while the repeller is pulsed 
from 1590 V (effective zero-field) to more positive potentials. 
Two different types of measurements are carried out; integrated double-resonance where 
all ions are collected, and ΜΑΤΙ, which selectively detects ions formed by pulsed-field 
ionisation (PFI) from only the highest excited Rydberg states. In the integrated double-
resonance measurement the Rydberg states are initially excited in a zero-applied field 
(Vbias — 0V, assuming stray electric fields < 100 mV/cm) and then 4 /xsec after laser exci­
tation of the Rydberg states a 200 V/cm pulse is applied to the repeller plate. Combined 
with a permanent acceleration voltage on the extractor this 200 V pulse ensures Wiley-
McLaren space-focusing with a mass resolution of 400 for the 60 cm long TOF tube. Ions 
that are collected can be formed by several different processes: direct 1-colour 2-photon 
ionisation or 2-colour (l+2')-photon ionisation, vibrational autoionisation, and pulsed field 
ionisation (PFI). 
A variety of experimental approaches to enable selective detection of long-lived high 
Rydberg states in a ΜΑΤΙ-experiment have been demonstrated [2, 27, 31, 32, 33, 34]. Here 
the experimental difference between the 'integrated double-resonance' measurements and 
the ΜΑΤΙ measurements is the application in the latter case of a small electric bias field in 
the extraction region, and a high voltage on an ion reflector in front of the detector. The 
bias field (between 0.5 and 4 V/cm) is present either before or shortly (< 100 ns) after the 
excitation laser pulse arrives. This bias field causes all ions to slowly drift upwards, apart 
from the neutral molecules. After a long pause (typically 6 μββΰ) the 200 V/cm pulse is 
applied. With time-delays longer than 10 ^sec the excited molecules, traveling with the 
velocity of the Ne-beam, leave the collection region of the ion optics. 
Owing to their vertical displacement, the ions formed before the application of the 
200 V/cm pulse experience a lower potential and thus obtain a lower kinetic energy than 
the ions formed by PFI at 200 V. The lower kinetic energy ions are selectively blocked 
by the reflector field of the electrode at the end of the time-of-flight tube. This blocking 
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is accomplished by setting the bias field to 0.5 V/cm and the time-delay between laser 
excitation and pulsed field ionisation/extraction to typically 6 psec. The Rydberg excita­
tion laser is then set in frequency to « 5 cm"1 above the ionisation threshold. Then the 
reflector voltage is increased until the DABCO ion peak has completely vanished, effec­
tively blocking all prompt ions formed by the excitation laser above (or below) the IP. 
Ions formed by pulsed field ionisation of Rydberg states can still reach the detector under 
these conditions. The reflector voltage effectively determines a region between repeller and 
extractor plates from which ions present in this region at the time of the extraction pulse 
can reach the detector. The size of this region is set in these experiments to be the same 
in all ΜΑΤΙ measurements, i.e. independent of the value of the bias field. The reflector is 
set to a potential of 1720 V which corresponds to a window size of 3.5 mm measured from 
the repeller plate. 
Miillcr-Dethlefs and coworkers [3] have shown that there are two advantages to pulsing 
the bias field on after the laser pulse in the ΜΑΤΙ experiment. First, a much stronger 
signal is found due to the presence of more highly excited Rydberg slates in the "magic" 
region very near the IP which contribute most to the ΜΑΤΙ signal [1], and second, the 
absence of (small) static electric fields during excitation prevents undesired field effects on 
the Rydberg state spectra [35, 36, 37, 38]. 
At the end of the TOF tube the ions corresponding to the DABCO mass are collected 
and amplified by a dual microchannelplatc detector which is connected to a 10 bit digital 
oscilloscope/computer. A separate channel of the digital scope is used to monitor simulta­
neously the transmission of the excitation laser through the 130Τβ·2 cell. The computer also 
controls the Rydberg excitation laser wavelength scans. Fitting of the observed spectral 
lineshapes is carried out with standard line-fitting routines. 
6.3 Results and analysis 
6.3.1 Ionisation potential, quantum defect, and linewidths 
The IP of DABCO excited with one quantum of v2\ is determined by fitting the measured 
energy positions of the observed np
xy Rydberg series to the formula En = IP — R¿abco/(n — 
δ)2 where E
n
 is the measured transition energy for principle quantum number n, Rdabœ is 
the reduced-mass corrected Rydberg constant (109736.777 cm -1), and δ is the quantum 
defect. Table 6.1 lists the observed energy positions with their uncertainties plus the 
deviation of each line from the calculated value. The energy positions were determined 
by first fitting each line with a Lorentzian profile and taking the transition energy as the 
centre of the fit Lorentzian. Although η values up to η = 79 were observed, only levels up 
to η = 66 were fit due to signal-to-noise limitations. Most of the lines could be reasonably 
fit with the Lorentzian shape and no strongly Fano-typc profiles [15] were seen in this 
work. Some of the lines, especially those corresponding to intensity dips (vide infra), could 
possibly be better fit with a non-Lorentzian line-shape. Figure 6.2 shows a part of the 
npxy Rydberg series with principal quantum numbers 19 < η < 32. The other lines in 
this figure can be attributed to other ¿-series [15] and are not analysed in this study. The 
figure shows separately the η — 19 and the η = 32 Rydberg lines together with their fitted 
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22150 
21932.5 21936.5 
frequency (cm" ) 
21940.5 22140.0 22144.0 
frequency (cm" ) 
22148.0 
F i g u r e 6.2: Doubly-resonant excitation/vibrational autoionisation spectrum of Rydberg lev­
els in 1,4 diazabicyclo[2,2,2]octane (DABCO) after preparation of the 1^ 4 mode in the Si 
state in zero applied electric field. After 4 με the ions are extracted by a pulsed electric field 
and mass-selectively detected in a Wiley-McLaren set-up. The spectrum shows only a part of 
the measured Rydberg series. The lines are calibrated against the 1 3 0Тег absorption spectrum 
at 450°C, and fitted to a Lorentzian profile. This is shown in the lower part of the figure for 
η = 19 and for η = 32. 
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Lorentzidn profiles 
Table 6 . 1 : Line positions of Rydberg states of 1,4 diazabicyclo[2,2,2]octane (DABCO) with 
principal quantum numbers 11 < η < 66 The line positions have been fitted with a least-
squares fitting algorithm to the Rydberg formula En = IP — R/(n — δ)2 For each Rydberg 
state are given the observed line position with experimental error, the difference with the line 
position calculated from the fit, and the width of the Rydberg line with error, respectively, all in 
wavenumbers The given values are for the excitation laser only The line positions have been 
calibrated against the 130Te2 absorption spectrum From the fit the values for the ionisation 
potential and the quantum defect are determined to be IP = (22254,121 ± 0 023) c m - 1 and 
δ = (0 4062 ± 0 0021), respectively 
η 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
observed | 
21276 30 
21436 97 
21561 80 
21659 70 
21739 13 
21802 95 
21855 58 
21899 37 
21936 40 
21968 30 
21995 17 
22019 09 
22039 30 
22057 25 
22072 83 
22086 70 
22099 01 
22110 06 
22119 93 
22128 82 
22136 89 
22144 16 
22150 78 
22156 86 
22162 46 
22167 52 
22172 16 
22176 47 
error) 
[0 20) 
0 40) 
'0 40) 
(0 40) 
(0 40) 
0 15) 
0 15) 
0 20) 
0 15) 
0 20) 
0 25) 
(0 30) 
0 15) 
;oi5) 
;oo6) 
;o об) 
;oo6) 
;oo4) 
(0 06) 
(0 06) 
;ооб) 
(0 06) 
;ооб) 
(0 06) 
;ооб) 
;ооб) 
;oo4) 
;o 06) 
obs-calc 
-0 03 
-0 76 
-0 43 
-0 58 
0 26 
0 11 
-0 01 
-0 24 
-0 31 
-0 01 
-0 20 
0 31 
0 15 
0 26 
0 14 
0 11 
0 05 
0 06 
0 03 
0 00 
0 01 
-0 02 
-0 04 
-0 02 
0 04 
0 02 
-0 01 
-0 00 
width 
20 
24 
30 
29 
23 
13 
15 
14 
13 
14 
16 
18 
10 
07 
0 56 
0 63 
0 49 
0 48 
0 35 
0 35 
0 32 
0 35 
0 30 
0 40 
0 70 
0 42 
0 29 
0 30 
error) 
0 5) 
0 1) 
0 5) 
0 5) 
0 5) 
0 5) 
0 5) 
0 4) 
0 3) 
0 5) 
0 3) 
0 3) 
0 1) 
(0 1) 
0 10) 
0 15) 
0 05) 
0 06) 
0 10) 
0 03) 
0 05) 
0 05) 
0 03) 
0 05) 
0 05) 
0 05) 
0 05) 
0 05) 
continued on next page 
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π 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
observed ι 
22180 42 
22184 10 
22187 55 
22190 69 
22193 63 
22196 38 
22198 98 
22201 35 
22203 57 
22205 69 
22207 65 
22209 51 
22211 23 
22212 87 
22214 47 
22215 90 
22217 24 
22218 56 
22219 84 
22220 97 
22222 16 
22223 19 
22224 24 
22225 18 
22226 07 
22226 98 
22227 81 
22228 63 
error) 
(0 06) 
(0 06) 
(0 04) 
0 06) 
0 06) 
0 06) 
0 06) 
0 06) 
0 04) 
0 06) 
(0 06) 
(0 06) 
0 04) 
0 06) 
(0 06) 
0 06) 
Ό 06) 
0 04) 
0 04) 
0 06) 
0 06) 
0 04) 
0 04) 
0 04) 
0 04) 
0 04) 
0 06) 
0 06) 
obs-calc 
-0 02 
-0 02 
0 02 
0 00 
-0 00 
0 00 
0 04 
0 02 
-0 00 
0 02 
0 00 
0 01 
-0 02 
-0 02 
0 02 
-0 01 
-0 06 
-0 05 
-0 02 
-0 07 
0 00 
-0 03 
0 01 
-0 01 
-0 04 
-0 00 
-0 01 
0 02 
width 
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The ftt accurately determines the values for the (diabatic) ionisation potential and 
quantum defect to be IP = (22254 121 ± 0 023) cm - 1 and δ = (0 4062 ± 0 0021), respec­
tively The stated errors are three times the standard deviations calculated from the fit 
Adding (36794 501 ± 0 007) cm - 1 for the transition energy of the preparation step gives 
for the energy of the vibrational level in the ion (59048 622 ± 0 024) cm - 1 
Rydberg line positions were also fit with a η-dependent quantum defect <5„ where <5
n
 is 
related to the energy of the state via <5
n
 = δ + c(IP — E
n
) « δ + eR/(n — δ)2, and where e 
represents a distortion parameter. This yields a slight improvement of the quality of the fit 
(standard deviation of the fit decreases from 0 050 cm - 1 to 0 047 cm - 1 ) and the values for 
the fit parameters are in this case IP = (22254 109 ± 0 026) cm"1, δ = (0 4024 ± 0 0051), 
and e = (5 2 ± 2 1) · 10-6/cm "L (or· eE = (0 57 ± 0 23)) 
With the fitted value for the IP the quantum defect can be calculated for each line from 
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F i g u r e 6.3: The quantum defect δ of each Rydberg state as a function of the energy of the 
state, calculated from the observed line position where the fitted value of 22254.121 c m - 1 
for the IP is used. Also shown in this figure are the (constant) quantum defect determined 
from the same fit (solid line), and the functional form of the η-dependent quantum defect 
Sn — δ + eR/(n — δ)2, where с represents a distortion parameter (dashed line). 
the observed line position. The result is shown in figure 6.3. In this figure the quantum 
defect (with its error) is plotted as a function of the energy of the Rydberg states. Also 
shown in this figure are the (constant) quantum defect determined from the first fit (solid 
line), and the functional form of the n-dependent quantum defect as determined from the 
second fit (dashed line). It is evident that the value for the quantum defect is mainly 
determined by the Rydberg states with low η value and the figure shows that there is no 
significant difference between the two fits in this region. 
Table 6.1 also lists the linewidths of the Rydberg states. From figure 6.2 it can also 
be seen that this linewidth decreases rapidly with increasing n. For 11 < η < 30 the 
width decreases from 2 3 cm - 1 , to 0.35 cm - 1 with an inverse power of η less than 3, 
which is the value known for atomic Rydberg states [39]. For all η levels above η = 40 a 
linewidth of г» 0.25 cm - 1 is found, while the laser linewidth is 0.08 cm - 1 , as confirmed in 
simultaneous measurements of the Тег spectrum. This minimum linewidth was found not 
to be determined by laser intensity and possibly results from the ensemble of rotational 
states excited by the preparation laser. 
Local maxima in the linewidth are seen around η = 15, 22 and possibly 35. These 
maxima correspond to a decrease in the intensity of the Rydberg transition and are thus 
most influenced by power broadening; in order to obtain acceptable signal to noise levels 
somewhat higher excitation laser pulse energies had to be used for these lines. An analysis 
n=15 n=20 
л=11 " = , i J ι τ τ ι ' 
' -i 1—i— г-ЩЬ.^Ш • ^ • • У < , І Г ^ 
ψψ 
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of these local intensity dips and corresponding linewidth maxima will be given in a future 
publication [40]. 
6.3.2 ΜΑΤΙ measurements 
22200 22220 22240 
excitation energy (cm 1) 
22260 
F i g u r e β.4: Mass analysed threshold ionisation (ΜΑΤΙ) spectrum of DABCO recorded in an 
electric bias field of 1.0 V/cm, after preparation of the 1/24 mode in the S\ state of DABCO. 
After б μΞ pulsed field ionisation and extraction of the ions is performed with a pulsed field of 
200 V/cm and the ions are mass-selectively detected in a Wiley-McLaren set-up. The voltage 
on the prompt ion reflector is set to 1720 V. The ΜΑΤΙ peak comprises Rydberg levels in the 
η — 105-165 part of the series. The upper trace shows an enlargement of a part of the same 
spectrum from which individual Rydberg lines clearly can be distinguished. Also indicated are 
the field-free IP determined by the Rydberg state progression, and the saddle-point energy 
Esp = / P - 6v/£[V/cm] c m " 1 . 
In the ΜΑΤΙ measurements a time-delay of 6 ßs between excitation and pulsed field ion-
isation/extraction was found to yield the best balance between separation of prompt and 
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delayed ions and retention of the ions in the collection region. Shorter (4 /ÍS) and longer 
(9 μδ) time-delays resulted in no significant differences in the overall form of the ΜΑΤΙ spec­
tra. Figure 6.4 shows the M ATI-spectrum of DABCO taken with a bias field of 1.0 V/cm 
present during the excitation pulse, along with the position of the field-free IP determined 
by the Rydberg state progression, and the saddle-point energy Eip given by IP — 6\/£ cm
 _1 
expected for ionisation in a static electric field of £ V/cm [10, 36]. According to classic 
theory, above the saddle point energy (IP—6 cm - 1 for figure 6.4) highly excited Rvdberg 
states become unstable to ionisation. The peak of the ΜΑΤΙ spertrum lies at η — 135 with 
a FWHM of 6 cm - 1 (Δη = 60). On the low-energy side of the ΜΑΤΙ peak the Rydberg 
series is clearly seen (as in previous ZEKE studies [20]) and is shown in more detail in the 
inset in figure 6.4. With the higher sensitivity of the present study a sepaiate strong series 
of interloper peaks is observable, labeled n' = 60-69 in figure 6.4, which are displaced by a 
value of Δ<5 = 0.5 from the np
xy series. This interloper series is not observed in the 'total-
ion' measurements described previously which are taken at zero-applied field. It is also 
seen in figure 6.4 that the signal extends to well above («5 cm - 1 ) the field-free IP, while 
at the same time the disappearance of the signal at even higher frequencies is evidence for 
the blocking of prompt photo-ions in this ΜΑΤΙ set-up. 
ΜΑΤΙ spectra taken at 0.5, 1.0, 2.0, and 4.0 V/cm static bias fields are shown in 
figure 6.5. In this series the reflector voltage (figure 5.2) is held constant, keeping the size 
of the collection region for ions formed by the delayed pulsed field ionisation event constant. 
With increasingly larger bias fields the signal on the high-energy side decreases due to the 
lowering of the saddle-point energy. The position of the 'interloper' series moves to lower 
energy as the bias field increases. Saddle point energies are indicated in figure 6.5, along 
with the positions of the high η values of the Rydberg series. 
Pulsed field ionisation/ion extraction in these ΜΑΤΙ spectra occurs with a 200 V/cm 
step-pulse (figure 5.2). Assuming diabatic trajectories through the Stark manifold [9, 10], 
η levels above η = 45 (IP — 4\/£ = IP— 57 cm - 1 ) should be unstable to direct ionisation. 
Levels with η > 50 have observable intensity in the ΜΑΤΙ spectra shown in figures 6.4 
and 6.5. 
Α ΜΑΤΙ spectrum was also taken with a bias field of 1 V/cm applied shortly after the 
excitation laser pulse. Because the bias field could not thus far be applied in a proper fast-
rising step the spectrum was not considered fully reliable and is not shown. Qualitatively, 
however, the signal taken with zero-applied bias field during the excitation pulse is signif­
icantly stronger than the static bias field signal, as also reported by Miiller-Dethlefs and 
coworkers [3]. Ito and coworkers [15] have reported ZEKE spectra under these conditions 
using a 1 V/cm pulsed bias/extraction field. Their spectra, while of lower signal-to-noise 
than that of figure 6.4, show that the highest Rydberg states contribute most to the signal 
compared to spectra obtained under static bias field conditions. 
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F i g u r e 6.5: ΜΑΤΙ spectra of DABCO for four different values of the electric bias field in 
the excitation region. The spectra are all recorded with a delay of б /¿s between excitation 
of the Rydberg states and pulsed field extraction of the ions, and with a voltage of 1720 V 
on the prompt ion reflector. Also indicated are the field free IP determined by the Rydberg 
state progression, and the saddle-point energy Esp = IP — 6\/€[V/cm] c m - 1 . 
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6.4 Discussion 
6.4.1 Ionisation Potential, quantum defect, and linewidths 
An ensemble of rotational states are prepared and probed in this study due to the 0.5 cm - 1 
bandwidth of the preparation laser. Owing to the effective rotational cooling (Tro( < 2K 
[28]) only states with J,K<5 are present in the molecular beam. The S! 24¿ <—So transition 
chosen has a FWHM of «1.5 cm -1 [28] which means that an (unknown) subset of these 
levels are excited by the narrower linewidth preparation laser. The IP thus reported reflects 
the zero-point vibrational energy of the ground electronic state and ion, the vibrational 
energy of v^\ in the ion («1006 cm -1 [41]), and the selected rotational energy. Similarly, 
the δ value reflects the internal rovibrational energies. 
In general, the coupling of rotational motion undergoes a transition from Hund's case 
(b) for the ground state molecule to Hund's case (d) for highly excited Rydberg states. 
Based on studies in diatomics [38] this transition is likely complete by η = 11, the lowest 
Rydberg level accessible by vibrational autoionisation in this study. In Hund's case (d) the 
Rydberg state energy for a diatomic is expressed by Τ = Tcv + BN(N+1) with T e" the 
rotationless term energy, В the rotational constant in the ion and N the core rotational 
quantum number. Transitions in this limiting case follow ΔΝ=0. 
For DABCO, a prolate symmetric top with A=B«2600 MHz and C«3200 MHz within 
1% for all the involved electronic states (So, Si, ion) [42], the selection rules and rotational 
profiles are more complicated since the excitation step starts from an e' vibration in the 
3s (A'[) electronic state and ends in an np
xy(E') electronic state with the same e' vibration 
excited (Δν=0). Identifying the important components in the e'®e' final state is speculative 
and is best left to a later experiment where a single J,К state is prepared. In general, 
however, the rotational profile for transitions to the Rydberg states observed (table 6.1) 
should be very similar to direct transitions to the ion. Lorcntzian lineshapes were found 
to fit well for all the transitions measured, the centre of each fit Lorentzian was taken as 
the transition energy. The IP obtained from the Rydberg formula fit thus also reflects 
the centre or (weighted) average of the internal rotational energy excited. Significant 
differences between the reported IP and the rotationless IP are thus not expected. 
Lorentzian profiles have been found to fit the lower (n = 3-7) Rydberg levels of ben­
zene [43]. Rydberg state lifetimes obtained from these frequency domain measurements 
have also been confirmed for benzene by pump-probe femtosecond time-domain measure­
ments [44]. For the lower η states of DABCO (n < 30) the linewidths measured (table 6.1) 
also reflect fast decay processes [20]. Above η ss 40 a constant linewidth is measured, 
reflecting possibly the rotational transition profile of the ensemble of rotational states ex­
cited. 
6.4.2 ΜΑΤΙ measurements 
Chupka has discussed the experimental and molecular characteristics necessary to obtain 
accurate high-resolution information from ZEKE/MATI measurements [7]. In order to 
obtain an accurate IP, thus energy position of ionic energy levels, a sharp fall-off in the 
MATI/ZEKE signal is necessary, and at an energy position which is a predictable function 
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of the applied electric field. For a MATI-typc experiment with a static bias field the signal 
is expected to disappear at an energy E = IP — 6л/£[ /ст] cm - 1 [7]. Such behaviour is 
strikingly demonstrated in a ΜΑΤΙ-like study on H3 [36], for example. For DABCO, under 
the present (and typical) experimental conditions this is not the case. Neither a sharp fall-
off nor an obvious functional dependence of the ΜΑΤΙ determined IP on the bias voltage is 
observed in figure 6.5. Furthermore it is seen in figures 6.4 and 6.5 that the signal extends 
to well above the field-free IP. While the absolute agreement between the ΜΑΤΙ IP and 
the Rydberg extrapolated IP is quite satisfactory, the non-ideal behaviour of the DABCO 
ΜΑΤΙ signal should most likely be considered as a result of the experimental design, and 
not necessarily as a difference in large molecule versus small molecule dynamics [4]. Even 
for the simple H3 molecule estimation of ionisation rates and especially laser polarization 
effects are complicated [36]. In the present experiment too little is known about the e'®e' 
transition measured, and the purity of the laser polarization is not controlled well enough 
(laser field is roughly parallel to Stark field) to expect ideal behaviour. Still, the apparatus 
is quite typical for ΜΑΤΙ experiments. The non-systematics of the ΜΑΤΙ signal indicates 
a simple correction of the measured ΜΑΤΙ threshold for the applied electric field strength 
may be unreliable. 
Considering the previous discussion of rotational contributions to the lineshape it is 
possible that the above-7P signal is not simply due to the internal rotational energy. 
Theoretical studies [45, 46, 47] have predicted a stabilization of excited neutral molecules 
to ionisation due to core coupling effects, even for energies above the IP. When treated 
with quantum theory using parabolic coordinates [46] it has been shown that the electron 
can have an energy that is sufficient for ionisation and still not ionise promptly. This could 
be an explanation for the appearance of the above threshold behaviour of the ΜΑΤΙ peak. 
Interloper series such as those seen in figures 6.4 and 6.5 have been seen previously 
for other molecules [35, 36, 37, 38]. For Na2 a similar appearing 'stroboscopie' effect was 
observed [37] and ascribed to coupling of rotational motion to the Rydberg electron period. 
In DABCO the mix of rotational states and electric field dependence suggest a different 
mechanism. Electric field dependent interloper series have been observed in NO [38] and 
ascribed to the appearance of an optically forbidden Rydberg series of another δ value 
which becomes allowed due to Stark mixing. Stark manifold mixing is also seen to result 
in shifting of the transition energy to positions half-way between the zero-field η values in 
H2 [35] and H3 [36]. Due to the similarity of the effect seen for DABCO and in the last two 
studies the manifold mixing (adiabatic non-crossing) mechanism seems more likely. More 
detailed studies are needed to confirm such an assignment. 
'Normal' np
xy Rydberg states are also seen in the ΜΑΤΙ spectra. While ionisation 
of these states is energetically possible due to the 200 V/cm pulsed ionisation field their 
presence in somewhat unusual in that such low η values (n <50 have survived the 6 fis 
delay. It is possible that such states survive in other molecules but do not appear so sharply 
as in the DABCO spectra. 
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6.5 Conclusions 
Accurate measurements of the IP and quantum defect of Rydberg series of DABCO have 
been presented. The IP was determined from the np
xy series converging to v=l of the 
іЛм(е') mode in the molecular ion, which is the most conveniently prepared mode and 
the strongest, sharpest series in the molecule. The quantum defect for the npTy series is 
also extracted. Fast decay processes are indicated by transition linewidths for η < 30. 
Above η « 40 a constant minimal linewidth is observed, most likely due to the rotational 
transition profile of the rotational ensemble excited. The IP observed in the ΜΑΤΙ spectra 
are in qualitative agreement with the Rydberg series IP but do not show sharp cut-off in 
signal above the saddle point energies. Interloper series are also observed as a function 
of applied electric fields. These show a very similar behaviour to Rydberg states of much 
smaller molecules, indicating the hydrogen-like nature of highly excited Rydberg states. 
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Samenvatting 
Laser-desorptie expansie-koeling massaspectrometrie en 
optische spectroscopie van niet-vlucht ige moleculen 
In dit proefschrift wordt een zogenaamde 'laser-desorptie expansie-koeling massaspectro-
meter' beschreven die in het laboratorium in Nijmegen is opgebouwd, en wordt verslag 
gedaan van de experimenten die met dit apparaat zijn uitgevoerd. De spectrometer is 
ontworpen om twee onderzoekdoelen te dienen: de massaspectrometrische analyse van 
monsters met een onbekende samenstelling enerzijds, en het spectroscopisch onderzoek 
van niet-vluchtige moleculen anderzijds. 
De spectrometer combineert een gepulste laser-desorptie moleculaire bundel produc-
tiebron voor de generatie van een bundel van intern sterk gekoelde moleculen, met een 
vluchttijd-massaspectrometer om de inhoud van de moleculaire bundel te onderzoeken. 
In de gepulste laser-desorptie moleculaire bundel productiebron worden supersone molecu-
laire bundel technieken voor extreme koeling van moleculen in de gasfase gecombineerd met 
laser-desorptie technieken om moleculen te verdampen die moeilijk op een andere manier 
in de gasfase te brengen zijn. 
Een supersone moleculaire bundel wordt verkregen door de te onderzoeken moleculen 
te mengen in een draaggas en het gas door een kleine opening te laten expanderen in een 
vacuum. De adiabatische expansie zorgt voor een sterke reductie van de interne energie 
van de moleculen, oftewel, voor een sterke afkoeling van de moleculen. De techniek is een 
machtig hulpmiddel gebleken in de moleculaire spectroscopie waarmee inmiddels talloze 
moleculen zijn onderzocht. Het toepassingsgebied is echter altijd beperkt gebleven tot 
moleculen die een voldoende hoge dampdruk hebben om ze te mengen in een draaggas. Het 
nog nauwelijks betreden, zeer uitgebreide veld van niet-vluchtige en/of thermisch instabiele 
moleculen kan worden ontsloten door deze - meest organische —- moleculen met laser-
desorptie in de gasfase te brengen. De laser-desorptie methode bestaat eruit dat moleculen 
die in eerste instantie geadsorbeerd zijn aan een oppervlak, van dit oppervlak gedesorbeerd 
worden door een laserpuls die het oppervlak instantaan verhit. De zeer snelle verhitting 
zorgt ervoor dat de moleculen van het oppervlak desorberen voor ze de kans krijgen uit 
elkaar te vallen. Moleculen die moeilijk op een andere manier in de gasfase te brengen zijn, 
kunnen zo in een adiabatisch-gekoelde, supersone expansie geïnjecteerd worden. Daarnaast 
biedt de laser-desorptie methode de mogelijkheid om monsters van onbekende samenstelling 
alsook oppervlakken te onderzoeken. 
Verscheidene laser-spectroscopische technieken zijn toegepast in de spectrometer, waar-
onder reeds welbekende foto-ionisatie methoden, maar ook de vrij nieuwe en zeer interes-
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sante 'mass analysed threshold ionisation: ΜΑΤΙ' (massa-geanalyseerde ionisatie-drempel) 
en 'cavity ring down: CRD' (licht resonator demping) technieken. 
Dit proefschrift begint met een inleidend hoofdstuk dat kort ingaat op de concepten 
waarop de spectrometer gebaseerd is en op de algemene experimentele methoden die ge­
bruikt worden in de beschreven experimenten. Het hoofdstuk geeft tevens een overzicht 
over de inhoud van de rest van het proefschrift. 
In hoofdstuk 2 wordt de laser-desorptie expansie-koeling massaspectrometer uitgebreid 
beschreven. Het laser-desorptie expansie-koeling process hangt kritisch af van een aan­
tal experimentele variabelen en de laser-desorptie moleculaire bundel productiebron wordt 
gekarakteriseerd door zijn gedrag als functie van deze variabelen te onderzoeken. Het blijkt 
dat de laser-desorptie expansie-koeling techniek de mogelijkheid biedt om korte, ruimtelijk 
goed gedefinieerde pakketjes te produceren van moleculen met een goed gedefinieerde snel­
heid, die bovendien een zeer lage interne temperatuur hebben, waardoor ze zich in de 
laagste quantum-toestanden bevinden. De gebruiksmogelijkheden van de spectrometer 
worden verkend door verschillende foto-ionisatie technieken toe te passen voor de analyse 
van de moleculaire bundel in de vluchttijd-massaspectrometer. 
In hoofdstuk 3 wordt een experiment beschreven waarin de optimale dichtheid van 
koude laser-gedesorbeerde moleculen in de bundel, zoals die met de productiebron bereikt 
kan worden, bepaald wordt met behulp van de 'cavity ring down' techniek. Dit is een 
redelijk nieuwe en veelbelovende techniek om met gepulste lichtbronnen zeer gevoelig en 
kwantitatief absorpties te meten. De techniek is gebaseerd op het meten van de uitdo-
vingsnelheid van een lichtpuls die oscilleert in een optische resonator. Extra absorpties 
tengevolge van deeltjes in de resonator veroorzaken een verandering van de uitdovingsnel-
heid. Omdat het licht zeer vaak heen en weer gaat in de resonator kunnen kleine absorpties 
nauwkeurig geregistreerd worden. Het feit dat op deze manier de absorptie door het zeer 
kleine totale aantal laser-gedesorbeerde moleculen in de bundel gemeten kan worden, toont 
de kracht van de CRD-techniek aan. 
In hoofdstuk 4 worden de resultaten gepresenteerd van een optisch spectroscopische 
studie van diphenyl-amine (DPA) die in de laser-desorptie expansie-koeling massaspec­
trometer is uitgevoerd. DPA is een representant van een grote groep moleculen waaraan 
tot voor kort nauwelijks gasfase-spectroscopie verricht kon worden vanwege hun lage darnp-
druk. 
DPA is in het laboratorium veelvuldig gebruikt om de werking van de nieuwe spectro­
meter te onderzoeken. Door DPA te desorberen van een blokje actieve kool, wordt namelijk 
een makkelijk hanteerbare en stabiele bron van laser-gedesorbeerde moleculen verkregen. 
Bovendien maakt de dampdruk van DPA het mogelijk om laser-desorptie expansie-koeling 
te vergelijken met meer conventionele draaggas mengmethoden voor de productie van een 
moleculaire bundel. Reeds bij deze onderzoeken bleek het molecuul een aantal bijzonder 
interessante eigenschappen te bezitten. In dit hoofdstuk wordt laser-desorptie expansie-
koeling toegepast in combinatie met massa-selectieve spectroscopische technieken in de 
gasfase om de structuur en laag-frequente vibraties van DPA en van de van der Waals 
complexen van DPA met Ar, Kr, en Xe te onderzoeken. De resultaten worden gestaafd 
met berekeningen. 
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Om de vibratie-eigenschappen van het DPA-ion te onderzoeken wordt in hoofdstuk 5 
de 'mass analysed threshold ionisation' techniek toegepast. Dit is een nieuwe methode 
om het spectrum van moleculaire ionen te bepalen. Met de ΜΑΤΙ-techniek wordt de 
vibratie-afhankelijkheid van de ionisatiewaarschijnlijkheid van DPA gemeten. De resul­
terende ΜΑΤΙ-spectra vertonen een verrassend duidelijke opeenvolging van vibratie-lijnen 
in het ion. Deze 'vibratieprogressie' en de intcnsiteitsverdeling over de afzonderlijke lijnen 
worden in het quantum-mechanische 'Franck-Condon' model bepaald uit de overlap tussen 
de twee vibratie-golffuncties waartussen de overgang plaatsvindt. In de in dit hoofdstuk 
getoonde ΜΑΤΙ-spectra is de vorm van de vibratic-golffunctie van de begintoestand goed 
terug te zien in de contour van het spectrum. Deze spectra zijn daarmee een schoolvoor­
beeld van de werking van het Franck-Condon principe in de overgang van neutraal naar 
geïoniseerd DPA. 
De ΜΑΤΙ-techniek, die in hoofdstuk 5 zeer bruikbaar is gebleken, wordt verder uit­
gediept in hoofdstuk 6. Omdat de methode gebruik maakt van de selectieve detectie 
van moleculaire Rydberg-toestanden om een ionisatie-drempel waar te nemen, richt het 
onderzoek zich met name op deze Rydberg-toestanden. Het zeer symmetrische DABCO-
molecuul vormt in dit onderzoek een uniek modelsysteem van een redelijk groot polyatomair 
molecuul met een scherpe Rydbergserie waarbij de Rydbergtoestanden nog tot hoge quan-
tumgetallen afzonderlijk waarneembaar zijn. De nauwkeurige registratie van de toestanden 
in een Rydbergserie maakt vervolgens een gedetailleerde analyse van het ΜΑΤΙ-signaal van 
DABCO mogelijk. 
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